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The results of analytical and experimental research on rotor-to-stationary element.
rubbing in rotating machines are presented in this report. A characterization ofphysical
phenomena associated with. rubbing, as well as literature survey on the subject of rub is
_ven.

The experimental results were obtained from two rubbing rotor rigs: one, which
dynamicaUy simulates the space shuttle main engine high pressure fuel turbo pump
(HPFTP), and the second one, much simpler, a two-mode-rotor rig, designed for more
generic studies on rotor-to--stator rubbing. The experiments brought a wide array of
results, confirming the richness of rotor---to-stator rub occurrences. Some dynamic
phenomena observed during the experiments, such as fluid induced instabilities and
internal friction instability which were not correlated to rubbing are also mentioned in this
report.
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The study on the influence of rubbing on rotor dynamics can be divided into two parts: (i)
generic rotor-to-stator rob--related dynamic phenomena affecting rotating machine

behavior, and (ii) applications to the space shuttle HPFTP. The characterization of
rotor-to-stator rub phenomena in rotating machines brought a very rich array of factors
and parameters which affect the rotating system responses. The influence of several
parameters was investigated during this study. The main interest was placed into rotor
lateral vibrational responses modified by rotor rubbing against the stationary part. The
emphasis was in the lowest modes, as these modes are vital in rotor dynamics. Two most
thoroughly investigated factors affecting rub-related rotor dynamics, were the rotor
rotative speed versus the system natural frequency spectrum, and the radial preload force.
It is shown that rotor vibrational patterns vary for different values of these parameters.
The effects of other factors, such as rubbin_ element materials and their surface finishes
and hardness_ rotor unbalance, geometry of the stator rubbing area, rubbing at several
axial locations were also studied.

An outline of application of the Dynamic Stiffness methodology for identification of
rotor/bearing system modal parameters is given. Such identification was necessary for
appropriate interpretation of consequently obtained experimental data on rubbing rotor.

The mathematical model of rotor/bearing/seal system under rub condition is given. The
computer program was developed to calculate rotor responses. Compared with
experimental results the computed results prove an adequacy of the model.

- f

In the Conclusions a discussion on influence of rubbing on rotating machine dynamics is
summari_ed. Some recommendations concerning rub prevention, use of vibration
measuring and data processing instrumentation, as well as rub diagnostic hints are given.

In the Appendix of this report the data from the SS HPFTP hot fire tests reduced and
evaluated by using Bently Nevada methodology are included. Also included is the paper
on the influence of rubbing on rotor dynamics presented on the 1988 Conference on
Advanced Earth-to-Orbit Propulsion Technology.

At the end of this report the information on the electronic instrumentation used in the
experiments is attached.
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1. INTRODUCTION.

1.1 Ori_nal Scone of the Research on "Influence of Rubbin[ on Rotor Dv___mi¢0"
Solicited by NASA

The interest in rotor-to stator rub analysis in xotating machines continues to grow as
.machines become ever more complex and dynamically "active." Rubbing cannot only
increase energy losses ana cause premature wear of machine elements, but can also cause a
devastating failure of the entire machine.

The objectives of the program, "Influence of Rubbing on Rotor Dynamics," as solicited by
NASA in 1985 were:

• Delineate and characterize various rubbing sources in high performance
turbomachinery.

• Develop mathematical models to depict the significantfactors which rubbing
contributesto rotor dynamical responses.

• Perform laboratory tests to demonstrate significant rubbing mechanisms for
comparison with mathematical model results.

• Demonstrate how the simulation methods can be applied to high performance
rotating machinery to assess the severity of rubbing during operational conditions.

The objective of the research performed at Bently Nevada Corporation was to gain an
improved understanding of the rubbing phenomena in rotating machines, in order to
properly diagnose the malfunction and prevent rub-related damages and failures.

The end product of the effort is a contribution to vibration diagnostic techniques of
machines, improved prediction of operational limits, and improved design criteria for high
performance rotating machinery.

1.2 Scone of This Reuort

In the present report the summary of the two-year research effort on the subject of
"_Influence of Rubbing on Rotor Dynamics" is given. In the following chapters the obtained
theoretical, analytical,and experimental results are presented. Following the NASA

suggestion formulated at the time when the research contract was granted to Bently
Nevada Corporation, the investigation of rotor-to-stator rub phenomena was concentrated

on those occurring in the high-pressure fuel turbopump (HPFTP) of the Space Shuttle.
An experimental rig simulating HPFTP was built, and the majority of experiments were
performed on this rig.

Another smaller and easier to control rig was also built in order to perform more generic
studies on rotor-to-stator rubs.

Following the theoretical predictions and experimental observations, the computer program
was designed to calculate rotor response in case of rotor-to--stator rubbing contact. This
program or its elements can be incorporated in most complex rotordynamic programs for
rotating machines.

The chapters in this report are put in order in "historical" rather than "topical" sequence.
Pertinent figures are included at the end of each chapter. The report is divided into two
integral parts; the page numbering is maintained continous.

02280 9
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The second chapter gives the literatureoverview on rotor-to--stationaryelement rubbing
_enomena. The third chapter provides more specificcharacterizationof rubs. From these

.wo chapters one may conclude how rich is rotor-to--statorrub in terms of dynamic

occurrences. Chapter 4 describes the initialdesign assumptions and data for the

experimental rig which simulates the space shuttle main engine high pressure fuel turbo
pump (HPFTP). The simulation is based on similarity of mode shapes and scaled natural
frequencies for the lowest modes.

In Chapter 5 the results of seal-simulating bearing tests are described. The off--lubricated
bearings with controlled off pressure are used in the HPFTP-simulating rotor rig. The
bearings simulate the interstage seals.

Chapter 8 gives the general description of the HPFTP-simulating rig and instrumentation
used for dynamic testing.

In Chapter 7 some preliminary resultsfrom the HPFTP---simulating rig are described.

Chapter 8 provides the results of dry friction coefficient measurements and analysis of
surfa_.edamaging effectsof rubbing.

In Chapter 9 the second, smaller, two-bending mode rotor.fig is described, and the
identification of its dynamic characteristics is given. Being simpler and much easier to
operate and control its dynamic processes than the HPFTP--_imulating rig, this rig is used
for more generic rub tests.

In Chapter I0 the resultsof rotor-to-stator rubbing obtained from the two-mode-rig a_e
given.

In Chapter 11 the mathematical model of rubbing rotor/besfing/seal/stator system is
descril_ed.

Chapter 12 provides results of the rotor-to--stator rubbing obtained on the
HPFTP-simulating rig.

In Chapter 13 the experimental results of the rotor-to-stator rubbing contact are
analyzed.

Chapter 14 gives the description of the computer code for obtaining numerical calculations
of rotor-to--stator rubbing system dynamic responses, and Chapter 15 provides some
computer-generated results.

In Appendix 1 the reduced dynamic data from HPFTP hot fire tests are given. The data
provided by NASA were reduced by using Bently Nevada data-processing systems. The
results provide some significant conclusions.

In Appendix 2 the copy of the paper presented at the Third Conference on Advanced
Earth-to-Orbit Propulsion Technology in 1988 is included. Some results obtained during
the rotor-to-stator rubbing stud,t were summarized in this paper.

Finally, Appendix 3 contains in_ marion on the electronic instrumentation used in
experimental testing.
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2. ROTOR-TO-STATIONARY ELEMENT RUB-I_LATED VIBRATION PHE-
NOMENA IN ROTATING MACHINERY.
LITERATURE SURVEY.

Rotor-to--stationary element rub is a serious malfunction in rc_ating machinery which may

lead to a catastrophic failure of the machine. Dynamic phenomena occurring during
rubbing such u friction, impacting, stiffening, and coupling effects are discussed in this
chapter. The literature survey on rub--related phenomena in rotating machinery is
presented.

2.1 In_r_luc_.ion

In spite of the fact that the importance of rotor-to-stationary element rub phenomena in
rotating machinery has been recognized for over a half of the century, the literature on this
subject is relatively scarce and incoherent. This is probably due to the fact that
rotor--to--stator rub-related phenomena are very complex, involving several physical
mechanisms, thus, they represent a wide spectrum of rotating machinery dynamic

problems.

The major physical phenomena occurring during rotor-to--stator rubs, and the literature
survey on the subject of rub, both are outlined below.

2.2 R_b M_Ifunction in Rotatine Machinery

The normal operation of a rotating machine results from an appropriate torque/load
balance and consists of main rotative motion of the shaft (together with all rotating
elements associated with the shaft) performed with an appropriate rotative speed and
around the appropriate axis. This main motion can be accompanied by a limited level of
lateral/torsional/longitudinal vibrations ("parasitic motion") of the rotor itself, and a
limited level of vibration of stationary _nonrotating) parts.

in a rotating machine is a malfunction condition associated with the physical contact
of rotating and stationary parts which otherwise should not be touching. As a result of the
rotor-to-stator rub, the ||normal operation || of the machine is affected. Rub changes the
system force balance and dynamic stiffness; this results in modifications of the machine
motion. The effect is usually associated with a decrease of the amount of energy provided
to maintain the main motion, and an increase in the level of ||parasitic" vibrations.

The rotor-to-stator rub is a secondary phenomenon usually resulting from a primary cause
which perturbs the "normal operation conditions. || This primary cause can originate from
various sources, such as unbalance, thermal and/or assembly misalignment, stator/casing
motion, fluid dynamic forces in main flow, bearings, and/or seals, leading to instability and
self--excited vibrations. The occurrence of the "primary source" results in changes of shaft

centerline position and/or shaft vibrations (most often at the lateral mode). _

Rub occurs at a rotor axial location at which, for the given rotative speed and the shaft

bow mode, the sum of the shaft centerlinedisplacement plus vibrationsamplitude exceeds

the availableclearancewithin the statoror seal. Once the rotor startsrubbing, the system

becomes modified and the vibrationslevel usuallyincreases. This may lead to rubbing at
other locations.

Most often rub occurs at seals.Seldom, but more dangerous conditionsoccur when a blade

rubs against the statoror a vane. Rub phenomena may alsores,_Itwhen a magnetically

02280 II

,w



suspended rotor touches upon its emergency
installed to limit high lateral vibrations of
passing balance resonances, critical speeds).

2.3 Thermal Effect of Rub

.!

bearings. Rub also occurs in friction dampers !
rotors (most often resonant vibrations while

The earliest publications on rub phenomena reported a thermal effect of rub in
turbomachin .ery. The phenomenon is often referred to as "Newkirk effect." Newkirk [67]
pointed out that when a rubbin_ rotor is running below its first balance resonance speed,
the rub-induced vibrations tend to increase in time. Later this effect was studied by
several authors [20,24-27,42-48,64,75,82] who confirmed that vibrations can grow in
amplitude and phase, resulting in "spiral vibrations" [26,48,51]. When an unbalanced shaft
runs at a speed slightly lower than the first balance resonance, the rub usually takes place
at the seal with the smallest clearance and located closest to the shaft antinodal position.
The rub occurs at the shaft "high spot" (radial location under highest tension stress). At a
constant rotative speed, for the mode of vibration predominantly synchronous with a
circular or slightly elliptical orbit, the rubbing high spot occurs always at the same shaft
location at each turn. The rub causes friction-_elated heating and local thermal expansion.
Due to normal or accidental presence of fluids in the rotor/stator clearance areas, the
rub-generated heat can be transferred by the fluid flow, so that shaft heating and thermal
expansion may be relatively slow. Due to local expansion, the shaft bows, causing an
additional imbalance in the system. At the rotative speed lower than the first balance

resonance, the phase angle between the high spot and heavy spot (unbalance) is less than
90 degrees. The additional bow--related " "imbalance adds, therefore, to the emstmg one
The result is an increase of rotor synchronous vibrations. The relationship between the

new imbalance and original one explains phase rotation. The increase of total value

unbalance, causes higher vibration amplitudes which result in stronger rubbing and larger
amount of generated heat . Finally, due to local thermal expansion, the elastic stress limit
is exceeded, and shaft becomes permanently bowed due to local plastic deformations. At
that stage the shaft do_ not qualify any more for further operation.

e-.

Kellenberger [48] proposed a model of the rub thermal phenomenon. He introduced
parameters descnbing the flow of heat into and out of the shaft. Used in equations, these
parameters model veil the rub thermal effect resulting in spiral motion of the shaft.
Dimarogonas [24,26] identified an additional type of rub thermal effect-related shaft
vibrations m an oscillating mode occurring during the transition from the spiraling to the
steady-state mode.

Smalley [75] pointed out that rotor low angular acceleration when passing through the first
balance resonance speed, as well as extended operation just below this critical speed lead to
aggravation of the rub--related conditions of the t_bomachine.

The described rub-related thermal effects of rotors are particularly important for big
machinery with relatively high thermal inertia. Field experience in observing the
rub-related thermally induced vibration effects on turbomachinery was reported in several
papers [20,64]. State of the Art review on thermal effects of rub is given in [27].

2.4 D_ Whin

More observations of rotating machinery dynamic behavior led to identification of several
other effects than the thermally induced vibrational effect of rub described above. The

mo3t important among them is the self-excited backward precession of the shaft, known as

"dry whip" [?,8,15,16,23,24,30,31,35,45,56,61-63]. In this mode the shaft rolls while sliding
agains * the seal in the direction opposite to the direction of rotation, and maintains the

02280 12



T

...................... _a

contact with the seal. High normal forces and corresponding friction forces at the
contacting surfaces may lead to extremely severe damage in merely a few seconds
[34,35,39,45,47]. Most often seals are damaged or destroyed [35,45]. Due to the backward
mode of precession, the shaft is also under severe stress condition which may lead to
failure. The seal damage may trigger a sequence of catastrophic events: a violation of the
design integrity of the machine at the seal level causes a further increase of rotor vibrations
and rotating load levels, which may cause further damage to bearings or blades (including
blade loss). Catastrophic failures of rotating machines are often disastrous, as a high
amount of energy is suddenly released, endangering the environment as well as human
lives. Rotor rub-related failures occur quite often. In particular, the U. S. Department of
Transportation reported that 10.2% of all uncontained engine rotor failures during 417
million engine flight hours in the period from 1962 to 1976 were caused by rotor rubbing
against stationary parts [47].

2.5 PhysicalPhenomena OccurringDuring Rubbing

Rotor-to---statorrub involvesseveralphysicalphenomena, the most important among them
beingfriction,impacting,coupling,and stiffeningeffects.

2.5.1 Friction

Friction accompanies the relative motion of rotor/stationary element during their contact.
It produces the usual friction-related effects: wear (grinding, pitting) of the rubbing
surfaces, together with heat generation (up to metal melting temperatures). The local
heating effects of rub were discussed in the previous section. Very often the rubbing
surface relative tangential velocity is high, and the normal forces significant, the
destructive effects of friction can, therefore, be extremely strong in a very short time. Due
to the wear effect, the surface rubbing conditions change very fast with time. This may
lead to either widening clearances and resulting elimination of the rotor-to--stator contact,
or to an enlargement of the contact surface area (breaking-in effect). Therefore, in a
limited time either rub stops (causing some short-time transient conditions for the rotor
system) or rub continues with further continuous modification of conditions and dynamic
responses.

2.5.2 Impacting

Impact conditionsoccur when the low normal contactforceofrotor/stationarypart occurs
instantaneouslywith relativelyhigh incoming speed. An impact generates a wide
frequencyspectrum ofexcitingforces.The system responsecontainsthen components with
natural frequencies. Repetitiveperiodicimpacts can resultin a definitespectrum of
periodicexcitationand periodicresponsesofthe system.

Impacts create an "after impact" instantaneous response -- most often a rebounding
motion of the rotor (separation from the stator) with the initial direction depending on
impact conditions and relative tangential velocities in particular[5, 60].

The impacting motion of high speed rotors with significant elastic properties, together with
high friction at the contacting surfaces promoting an ttadhesive mechanism, _' creates
conditions for a t'superball effect _' [52,81,87 I. During the impact, the shaft incoming speed
(precessional speed) is less important than the rotative speed. During a short time
adhesive contact (with no relative motion), the shaft rotative energy, becomes transferred
into vibrational energy of the rebounding motion (precessional energy). The direction and
velocity of rebounded motion depends on the amount of tangential moment generated by
shaft rotation.

02280. 13
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2.5.3 Torsional Load

Rub causes an additional torsional load in the system. It usually results in a decrease of
rotative speed and/or an increase of required power.

2.5.4 Coupling Effect

Due to the physical contact of the rotating and stationary part, the dynamic state of
mechanical structure involved in motion changes. This effect is similar to coupling an
additional structure to the existing ("normal 't ) structure. Since the rub-related coupling is

usually time dependent (on/off periodic type), the system dynamic stiffness also becomes
periodically time dependent. The rub coupling eff_t varies with contact normal forces,
contact surface area, flexibility (donees of freedom) o£ the contacting elements, dynamic
stiffnesses of the "normally operating" structure, and the additional, coupled structure
(strong/weak coupling), and the time of contact versus time of separation.

2.5.5 Stiffening Effect

An additional effect of rub coupling may result in stiffening of the shaft as it is forced to
rotate in a bent configuration. This results in an increase of the system rigidity and an
increase of the natural frequencies of the system.

2.5.6 Other Effects

In flu/d-handling machines rub at seals, and following seal wear, cause an increase of
clearances and changes in the flow pattern of the working flvid. This generates new fluid
dynamic forces and possible modifications of thermal conditions which, in turn, can change
clearance situations due to thermal expansion. Both effects affect system dynamics when
rub results in the conditions o[ slowly or rapidly changing clearances.

2.6 Analysis of Rubbing R0tprs

In order to predict and prevent rub-related phenomena, mathematical modelization of rub
conditions attracted the attention of many researchers [7-9,13,15-19,21,24,30,44,

46,55,59-63,65,69,79-811 . The complexity of the phenomena and their local/global nature
usually prevented the authors from treating general cases. Most publications discuss some
particular aspect of rotor-to--stator rubs.

Initial important assumptions in the analyses are the dynamic characteristics of the

considered rotating machine: number of degrees of freedom (modes) of the -otor, stator
(seal) susceptibility, and external constants as well as rotating loads. The at .mptions
regarding the rotative machine model lead to the determination of characteristics of the
system. Simple rotor models most often allow for analytical results and provide qualitative

features of rotating system steady-state and transient response modifications due to rub.
In papers [59--62] it was shown how different amounts of rub-related friction, impacting,
and system stiffness modification resulted in significantly different steady--state vibrational
patterns. At the extremes of the rub-related steady--s, tate vibrational responses are "full
annular rub," i.e., the above-mentioned "dry whip," a_.d "partial rub" [5,6,29,59,60,88].
The latter type of rub means that the rotor enters into contact with a stationary part

(stator, seal) only occasionally and maintains this contact during a small fraction of its
precessional period. Rub may occur only at one axial and radial location of the shaft, or it
may occur at several locations ("multiple partial rub"). In the partial rub mode, the most
pronounced physical phenomenon is impacting, followed by rotor free vibration. Normal
contact forces and friction are relatively low, thus, the rubbing surface damage is not
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significant, allowing for maintained steady-state conditions of vibr;ition. _*_,:_ng the full
annular rub ("dry whip"), the friction and vibrating system stiffness m(_i,_cations are
considerable. The steady-state full annular rub occurrence cannot be maintained for a

prolonged period of time, as it rapidly leads to surface damage and changes in rub
conditions, followed by subsequent dynamic transients.

Du_-ing each local rotor-to-stator rub event several phases can be distinguished: (i) no
rub, (ii)rub initiation with impact, (iii) rub interaction in the _0rm of stick--slip chattering

motion. (transition phase), (iv) rab interaction in the form o t a sliding/rolling contact, (v)
separation. At each phase, the contribution of rub--related physical phenomena is
different. Each rub event may comprise all or only a few phases. The adequacy of
obtained analytical results to observable dynamic phenomena is determined by an
appropri.'ate modelization of the global and local rub effects. The chaos theory found an
interesting application in modelling complex rub-related phenomena [79]. Application of
this theory allows for prediction of structural instabilities (Felgenbaum scenario) which
result in chaotic regions in wide ranges of system parameters.

The effect of dry. surface friction is taken into account in several publications
[8,9,11,13,15-20,44,45,60--63,66]. Most often the simple Coulomb friction model is
considered [8,11,16,19,20,45,60,63,66]. The more advance_l nonlocal dynamic friction law
which takes into account a weighting function that distributes the influence of normal

surface stress has been proposed in [77]. Friction at rubbing surfaces generates heat. Local

temperatures may increase high enough to melt the seal metal (such as brass) [35,63]. In
the condition of the fluid presence (melted metal), the "dry friction" model of the
phenomenon is no longer adequate. The friction model must, therefore, be adjusted
following the conditions at the rubbing surfaces. Friction forces become heat

transfer-related functions of dynamic parameters of the system.

Friction introduces a usual damping effect considered in papers [28,55,58,74,89], as well as
a structure coupling effect [3,59,73]. The conditions of stick-slip motion were discussed in
papers [30,50,72]. The corresponding mathematical models of friction include nonlinear
terms.

Damping effects of rub provided an objective for designing special emergency dampers
which allow rotors to pass critical speeds [28,80]. These dampers physically restrict the
shaft lateral motion wt_le providing dry friction as an energy dissipating mechanism.

Friction is the main mechanism of surface wear (fretting). A few research reports
[38,78,83,86] provide recommendations regarding material selectiou, surface finish, and
surface coatings in order to reduce the rub--related severity of load, wear, and debris
generation. The continuous changes in rubbing surface conditions and clearance increase
due to wear should be taken into account in more sophisticated rub models. The increased
clearance as a result of wear can lead to a less violent version of the rotor rub-related
problems [34].

With the assistance of computers, more complex rotor system configurations with rub

effects could be modeled using both finite element [21,49,70] and/or modal synthesis
techniques [18,55,65,68]. Nonlinear effects can be included in both schemes. The analyses
most often provide results of numerical integration, i.e., timebase vibration waveforms of

transient processes [2,16-18,20,44,46,55,66,69,81,88], leading eventually to limit cycles of

rub-induced rotor self--excited vibrations (partial rub or dry whip) [2,16,81]. The final
results of such analyses depend significantly on how the local effects of rub were modeled,
and what ranges of parameters were considered. Some of these studies have been limited in

scope to the onset of rub wherein the rotor vibration amplitude (most often an unbalance
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response and possibly steady radial force-related displacements) just exceeds the stator or
seal clearance.

In publications [15-19,44--46,59,69] on rotor-to-stator rub interactions the results of series
of studies were presented. These studies were undertaken in order to define the role of
stator stiffness, friction effect, and magnitudes of suddenly applied forces (such as .an
unbalance force due to a blade loss), as well as the effect of various rub models on the
system responses. Several rub models were considered in the numerical studies [44,46]: (i)

abradable model based on ener._., loss per unit volume, (ii) smearing model based on
viscous hydrodynamic theory, (iii) _ friction model. The analysis of rotor vibrations
using these models provided comparable results: in the case of each model there exist
"critical values" of rub-related parameters which lead to most destructive rotor backward
dry whip. A special class of rotating_systems prone to rubs are high speed rigid gyroscopes
and gyro pendulums [53,79-81,84,851. When an obstacle, against which the rotor_ru_bs at
its originally conical mode, is a fiat surface, the friction acts as a negative damping [81]. In
addition, the _ction forces at the rubbing surfaces become amplified by the gyroscopic
effect [53,79-81]. The resulting self-excited vibrations (with possible multiple limit cycles)
may gather into an extremely violent form [79-81].

The impacting phase is most often modeled by applying straight impact theory with the
restitution coefficient which quantifies the loss o_ energy [59,60,711. The advanced model of
the rotor impact includes the "superbail effect" resulting from the tangential momentum
[52,81,87]. A "tangential coefficient of restitution" representing the adhesive friction is
used to model the superball impact losses [52,87]. In the superbaU effect the vibrational
energy provided by rotation is usually much larger than the energy dissipated by the
classical impact mechanism. In the typical rub with the superball effect the shaft/stator
contact after the impact is extremely short, possibly followed by an equally short period of
sliding and rolling. During these short phases a significant local deformation of rubbing
elements occurs. When the contact is broken, the rotation-related rebounding velocity
initiating the shaft free motion often directs the shaft into backward precession regions,
thus the phase of motion becomes reversed. Since the impact period in time scale is much
shorter than other phases of rub, the piece-wise continuous numerical integration used in
order to obtain rotor response must include variable step code.

More advanced rub models may take into consideration local surface deformation, contact
stress, and elastic wave effects for more adequate prediction of pitting (surface fatigue
failure) [10]. To the authors' knowledge, they have not yet been applied, however, in
rotor-to-stator rub analysis.

2.7 Vibration Resuonse of Rubbin?___R_ot0rs

Rotor-to-stator rub represents a strongly nonlinear phenomenon. In terms of rotor
vibrational response, rub generates a wide spectrum of components. The steady-state
regimes then existing for a relatively short time may have as fundamental the
subsynchronous frequencies corresponding to even fractions of the rotative speed
[2,5,11,29,59_60262], and/or frequencies corresponding to the rub-modified system natural
frequencies [63]. The transient process involve free vibrational responses, thus are
characterized by frequencies being system natural frequencies. Rub-related steady-state

ccurrences are never _ong-lasting due to continuously changing rubbing surface conditions
grinding effect) which produce variable radial load conditions, thus very often can oe

accompanied or alternated by transient processes. Each fundamental frequency vibration
component is accompanied by higher harmonics. AmpLitudes of higher harmonic
vibrational components increase with the severity of rub (mostly involving higher friction
and nonlinearradialstiffnessforces).
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The al)pearance and strength of higher harmonics in the rotor vibrational spectrum can be
used as a diagnostic tool to detect rotor-to-stator rub. The method allows for
determination of limits between light to severe rotor-to-stator contact with rub, excessive

wear, and initiation of destructive dry whip mode [4]. The method was effectively used in
rub detection in testing of the liquid oxygen turbopump MK48-0 [68].

The appearance of the higher harmonics in the rotor vibrational spectrum leads to a
generation of a wide frequency kinematical excitation for the machine stationary elements,
as well as for the environment (through elastic and acoustic waves). High frequency
excitation may lead to structural resonances and an overall increase of the machine

vibration level. The latter may cause further changes in the system, such as loosening
friction-tightened bolts and other frictional joints [35]. Affected integrity leads to an

aggravation of the machine condition. To make things worse, the entire scenario usually
occurs in a very short time.

Vibration monitoring and data processing systems installed on rotating machines provide
more and more information on rub-related vibrations and help in the prevention of

machine catastrophic ;failures. Reported field case histories bring insights on the symptoms
and severity of rotor-to-stator rub-related phenomena in pumps [1,9,40,50,56],
turbogenerators [2,20],and compressors [36].

Vibration signals carry important diagnostic information: frequency c_-,,_ent,modes of

shaft centerline,vibration component amplitudes, phases of synchronous vibration and its

harmonic components. An orbitalpresentation of shaft motion is a useful diagnostic tool

for rub detection. Mo3t machine malfunctions are characterized by forward precession (the

same direction as rotation). Rub is among a minority of phenomena which produce

backward components. In orbitalpresentation these components resultin external loops

most often superimposed on the synchronous orbit (forward components produce internal
loops). The existence of strong higher harmonics generates quite complex orbitalpattern of

the rotor response, thus rub is relativelyeasy to detect. The diagnosis of the rub location
is,however, more difficult.

2.8 Dead Band Malfunction m Twin Brother of Rub

The rotor-to-stator rub is an abnormal situation which (among other phenomena)
provides an increase in the vibrating system stiffness. This effect is often referred to as the

"normal-tight" situation. There exists a "twin brother" effect consisting of a decrease in
the system stiffness, when a normally contacting element of the rotating system becomes
loose. The latter situation often occurs when the bearing clearance becomes too large, and

is usually referred to as "normal-loose" or "dead band" phenomenon [4,6,8,11,14,22,33,41,
43,55,57]. The effect of vibrating system stiffness modifications in both "normal-tight"
and "normal-qoose" situations is very similar, as described by Bently [5]. Both cause
periodically variable stiffness, thus.provide conditions for classical parametric excitation,

which may lead to rotor instability[[.9,13,30]._ In the "dead band" phenomenon the friction
contribution is usually much lower 4].

2.9 Summary

To summarize this survey on rotor-to--stator rub vibrational phenomena, one should

realize that rub is a very comple:c phenomenon involving a wide spectrum of dynamic
events. Rub occurs usually as a secondary effect of some other machine malfunction (such
as unbalance, misalignment, thermal mismatch, fluid-induced self--excited vibrations of

whirl or whip type) which results in either rotor high vibration amplitudes or changes in
rotor centerline position. More seldom rub occurs as a secondary effect of stator/casing
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vibrations such as caused by foundation motion when the machine operates on a ship or
off-shore platform, or caused by seismic events. Unlike other secondary effects, rub,
however, immediately becomes dominant in the rotating machine dynamic behavior,
leading quickly to further changes in the machine mechanical system,. Very often these
changes mean an ultimate failure of a system component and a catastrophic failure of the
entire machine.

Building adequate models of rub and incorporating them into the machine dynamic
analysis, in order to predict rub dynamic phenomena and to evaluate their possible
severity, are important and urgent tasks. It is also necessary to work out an efficient
diagnostic methodology and establish acceptable tolerances for rub-related vibrations of
rotating machines.
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_i "'3. CHARACTERIZATION OF RUB PHEI_OMENA INROTATING MACHINERY. / I

-:_ In this chapter the rotor-to--stationary element rub phenomena in rotating machines are
"_ characterized from the point of view of conditions leading to rub, physical mechanisms

involved during rubbing, and dynamic effects of rub on the rotating machine performance.
The parameters of concern for mathematical modelization of the rub-related phenomena
are outlined. • '

3.1 Definitions

The normal Qpe;ration of a rotating machine is related to the appropriate torque/load
balance and consists of motion of the shaft (together with all rotating elements associated
with the shaft) performed with an aupropriate rotative speed and around the appropriate
axis. This main motion c_ be accompanied by a limited level of
lateral/torsional/longitudinal vibrations ("parasitic motion") o_ the rotor itself and a
limited level of vibration of stationary (nonrotating) parts.

i--

Ru___bin a rotat, ing machine is a malfunction condition associated with the physical contact
of rotating and stationary parts which otherwise should not be in contact. As a result of
rub, the "normal operation" of the machine is affected. I_ub changes the system force
balance and dynamic stiffness, which results in modifications of the machine motion. The
effect is usually associated with a decrease of the amount of energy in the main motion and
an increase in the level of "parasitic" motion.

3.2 Rub-Related Changes in the Rotatjng Machine Force Balance and Dynamic
Stiffness

3.2.1 Coupling Effect

Due to the physical contact of the rotating and stationary parts, the mechanical structure
which is involved in motion changes. '])his effect is similar to coupling an additional
structure to the existing ("normal") structure. Since the rub-related coupling is usually
time dependent (on/off periodic type), the system dynamic stiffness also becomes
periodically time dependent. The rub coupling effect will vary with:

• contact normal forces
• contact surface area
• flexibility (degrees of freedom) of the contacting elements

t, It• dynamic stiffnesses of the normal operation structure and the additional, coupled
structure (strong/weak coupling)

• time of contact versus time of separation.

Parameters of concern for mathematical modelization are:

• "normal operation system" and "coupled system" spectra of natural frequencies and
corresponding modes

• function of coupling and decoupling relationship versus time and its relation to rotor
unbalance.

3.2.2 Stiffening Effect

An additional effect of rub coupling results in stiffening of the shaft as it is forced to rotate
in a bent position (Fig. 3.1). This results in an increase of the system rigidity and a slight
increase of the nattuM frequencies.
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rubbing area

FIGURE 3.1 SHAFT BOW DUE TO RUB

Parameters of concern for mathematical modelization:

• stiffnesses of the normally supported shaft and bent shaft.

3.2.3 Friction Effect

Friction accompanies the relative motion of rotor/stationary parts during their contact. It
produces the usual friction-related effects: wear (grinding,pitting) of the rubbing surfaces
together with heat generation (up to metal melting temperatures). Since the rubbing
surface relative tangential velocity is usually high, the destructive effects of friction can be
extremely strong in a very short time. Friction is a nonlinear phenomenon. Due to the
wear effect, the surface rubbing conditions change very fast with time. This may lead to
either widening clearances and elimination of the contact or to an enlargement of tl_e
contact surface area /breaking-in effect). Therefore, in a short time either rub stops
(causing some short-time transient conditions for the rotor system) or rub will continue
with further continuous modification of conditions and dynamic responses.

Parameters of concern for mathematical modelization:

• normal forces at the contact surfaces and contact stresses
• surface area of contact
• friction conditions (dry/fluid lubricated) leading to a realistic model of the friction

force

• time intervals of contact/separation.

3.2.4 Impacting Effect

Impact conditions occur when the contact of rotor/stationary pa_t occurs instantaneously.
An impact generates a wide frequency spectrum of exciting forces; however, repetitive
periodic impacts may result in a definite spectrum of periodic excitation.

Impacts create an "after impact" response -- most often, a reboundin$ motion
(separation) with the initial direction depending on impact conditions and relative
tangential velocities.

Impacting _s a highly nonlinear phenomenon.

Parameters of concern for mathematical modelization:

• impact surface conditions, restitution coeMcient/function, incoming velocities
• time intervals of contact/separation.
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3°2.5 Fluid Dynaa_c Forces and Thermal Unbalance

Rub-related wear of seal surfaces causes an increase of clearances and changes in the flow
pattern of the working fluid. This generates new fluid dynamic forces and modifications of
thermal conditions which, in turn, can change clearance situations due to thermal
expansion. Both effects have to be investigated when rub results in the conditions of.
slowly or rapidly increasing clearances.

3.3 Rub Location

Generally rub location can be classified in terms of occurrence along the shaft axis:

* at one axial location
. at several axial locations.

At each axial location, rub can occur:

• at one radial location (seals or other stationary parts) with determined area of
contact

• at several radial locations (e.g., rebounding motion inside a seal)
• continuously maintaining the shaft/seal contact (for an obviously Limited time).

Relating to the shaft axis, the rubbing surfaces can be located (Fig. 3.2)

• radially
• axially
• "COniCally."

RUB RU|

FIGURE 3.2 RUB LOCATION

3.4 Conditions Leadinz to Rub

Rub is a secondary phenomenon usually resulting from a primary cause which perturbs the
"normal operation conditions." This primary cause can originate from various sources
(such as unbalance, misalignment, fluid dynamic forces in main flow/bearings/seals leading
to instability, etc.). The occurrence of the "primary source" results in:

• changes of shaft centerline position
• and/or shaft vibrations (most often lateral mode).

The amount of the centerline displacement and the vibration amplitude have to be
considered in relationship to clearance values (together with their tolerances). By taking
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into account the most probable mode of the shaft centerline bow for t_e operational
conditions, the most probable "weak" point susceptible to rub, can be determined. The
first "weak point" is the one where rub starts. This causes a modification in system
properties which eventually may lead to rubbing in other locations. The conditions leading
to rub must, therefore, be considered in a sequential form.

3.5 Transient Character of Rub-Related Effects

Most of rub--related dynamic phenomena are characterized by continuously changing
conditions due to "grinding effect" at the rubbing surfaces. Steady--state conditions can be
maintained during significantly long (but limited) time only if:

rub is very light (short contact time and low contact normal forces), or
there are full annular bs,ckward rub conditions (the vibrational process which is
most often destructive for the machine, i.e., the "steady state" lasts a limited time
before transforming into a transient process of destruction).

3.6 Rub-Related Modifications of the Rotating Machine Vibrational Response

3.6.1 Frequency

The starting point is no-rub machine
vibrational response of interest are:

operation. T]_e frequencies of the machine

• shaft actual rotative speed,

• spectrum of machine natural frequencies, _n' n = 1, 2, 3,...

Rub can cause machine element vibrational responses with frequencies being:

• a fraction (p/r) of the rotative speed _ (p, r are integers)
• one (or more) system natural frequencies _n (note the coupling and stiffening effects

causing modifications in the natural frequency spectrum)
• higher harmonics (multiples) of the lowest frequency component (qa_p/r) and/or

q_n; q = 2, 3, 4,...)
• combinations of the above.

Note: Higher harmonics (multiples) are generated (or significantly magnified if they
already exist in limited amount in the vibrational response) due to strong nonlinear effects
of rub-related friction, impacting, and the on/off type of motion.

3.6.2 Amplitude, Phase

Both amplitude and phase (the latter for synchronous 1× and multiples of synchronous 2×,
3x,... components) of the system responses are modified by rub.

3.6.3 Mode of Shaft Centerline

Rub can modify the shaft--centerline modal deflection shape. The information can be
significant for localization of rub area.

Response frequency content, amplitudes, phases of the response components, static
displacement position, and shaft orbital motion carry significant rub-diagnostics
information.
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3.7

Characterization of rotor-to-stationary element rub dynamic phenomena in rotating
machines is outlined in this chapter. This characterization is schematically presented in
Figures 3.3 to 3.9'.

TIGHT

ROTATING MACHINE
CONDITIONS

LEADING TO RUB

FIGURE 3.3 ROTATING MACHINE CONDITIONS LEADING TO ROTOR-TO-
STATIONARY ELEMENT RUB.
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FIGURE 3.4 ROTOR-TO-STATIONARY ELEMENT RUB LOCATION.

FULL
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4. HPFTP SIMULATING RUBBING ROTOR RIG INITIAL DESIGN DATA.

Since the space shuttle's high pressure fuel turbopump (HPFTP) resonant frequencies are
too high to produce a safe rotor model to study rotor-to-seal rubs, it was decided to design
a rotor model with reduced resonant rotative speeds. In order to obtain data that is
representative of the HPFTP, the resonant speed ratios and the corresponding mode shapes
at the resonances of the .rotor rig should match those of the HPFTP. The other rotor rig
requirement of interest is its robustness and durability. Since the rig will be subjected to
continuous rubbing, if the model parameters continue changing with use, it will be difficult
to correlate rotor response with the data obtained from mathematical models. This
requires the use of replaceable wear surfaces and/or light force per unit area values in
locations subject to rubs.

4.1 Modellin_ Dater for HPFTP

The data regarding HPFTP supplied by NASA are as follows:

1st mode natural frequency = 16800 rpm

bearing stiffness

1st seal radial stiffness kyy

2nd seal radial stiffness kyy

2nd mode natural frequency -- 30880 rpm

bearing stiffness

1st seal radial stiffness kyy

2nd seal radial stiffness kyy

3rd mode natural frequency = 46290 rpm

bearing stiffness

1st seal radial stiffness kyy

2nd seal radial stiffness kyy

8.4 x 105 lb/in

4.0 x 104 lb/in

4.0 x 104ib/in

6.5 x 105 lb/in

1.8 x 105 lb/in

2.3 x 105 lb/in

4.2 x 105 lb/in

3.8 x 105 lb/in

3.8 x 105 lb/in

All bearing stiffuesses and the seal stiffnesses at the 2nd mode were interpolated from
HPFTP modelling data sent to Bently Nevada Corporation on March 4, 1987. The seal
stiffnesses for the 1st and 3rd mode were taken from graph curves supplied on February 17,
1987. The values at the 2nd mode didn't correspond exactly with the numbers of 4 March
1987 data, so a scaling factor was determined based on these two values. The values for

the 1st and 3rd modes were then taken from the 17 February data and scaled using the
determined ,scaling factor. The turbine interstage seal stiffness was so small compared to
the turbine oearing stiffness that it was neglectedin the rubbing rotor rig.

4.2 ScaledRotor Rig Model Data

The next step was to determine the ratios of the stiffnesses and resonant frequencies so
they could be scaled. The ratios of the resonant frequencies were 1.0, 1.84, and 2.76 using
the 1st mode as the reference, the ratios for the bearing stiffnesses were 1.0, 0.77, and 0.5

using the 1st mode bearing stiffness as the reference. Taking the bearing stiffness for each
mode as the reference, the ratios of seal stiffness to bearing stiffnes_ for each mode were as
follows:
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Bearing
Mode Stiffness 1st Seal 2nd Seal i

.1st mode 1 0.05 0.05

2nd mode 1 0.28 0.35 t
3rd mode 1 0.90 0.90 I

These stiffnessratios were used in the rubbing rotor rig model to keep the same
relationshipsbetween parameters. The rotorrigmaintains the same axialdimensions.as
the HPFTP. The rigshaftdiameter is reduced to 0.375" and the disksrepresentingthe
impellersare attachedto the shaft.The diskmasses were sizedto obtainthe correctshape.
forthe 3rd mode. The bearingstiffuesseswere then determinedto get the properratiosfor
the resonantfrequencies.The resonantfrequenciesand stiffnessesforthe rotorrigare as
follows:

Istmode naturalfrequency-- 1729 rpm
bearin_stiffness
1stsealradialstiffness
2nd sealradialstiffness

Is0Ib/in
7 IbLin
7 lb/in

2nd mode naturalfrequency-- 3193 rpm
bearin_stiffness
Istsealradialstiffness
2ridsealradial stiffness

115 lb/in
32 ib/in
40 Ib/in

3rd mode natural frequency -- 4725 rpm
bearing stiffness
1st seal radial stiffness
2nd seal radial stiffness

75 lb/in
68 lb/in
68 lb/in

The supportbearingsareimi_lementedby suspendinga rollingelement bearingon.springs
from s rigidframe. The bearingstiffnessesare controllableby usingspringswith different
stiffnessrates. The sealsare modelled using pressurizedfluidlubricatedbearingsystems.
The stiffnessisvariedby changingthe oilsupply pressureand the damping variedby fluid
selectionand/or temperaturevariations.There isalsoa replaceablerub ringat each of the
pressurizedbearings.The bearingscan be moved to any axiallocationsalongthe shaft.

The rotorrigismounted on a solidbase supportedby a steel/concretefoundation.This
arrangement simulatesthe rigidcasingmode ofthe HPFTP.

4.3 Comuuter Calculation of Natural FreQuencies and Mode Shaves

A transfer matrix computer program calculating undamped natural frequencies and modes
of _otating systems was used to generate data for the designed rubbing rotor rig.
Twenty-three rotor stations were used in the calculations. The results are presented in
Figures 4.1 to 4.4. The simulation rig rotor mode shapes along with the HPFTP mode
shapes supplied by NASA are shown. Also shown is the resonant speed, ratio for both
model and HPFTP data.

'I
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• 4.4. Summary

The scaling principle of the rubbing rotor rig to HPFTP was associated with natural

frequencies and corresponding firstthree modes. The scaling factor for the natural

frequen_es .was 1:9. The mode shapes were maintained as dose as possible. The summary

of the natural flequency data isgiven in Table 4.1.

Natural Frequency
, , w

Rubbing Rotor
Mode HPFTP [rpm] SCALED HPFTP [rpm] (Calculated) [rpm]

1st

2nd

3rd

16828

30881

46286

1870

3435

5150

1729

3109

5389

TABLE 4.1

Summary of Natural Frequencies for HPFTP and Rubbing Rotor Big
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. HPFTP SEAI_IMULATING OIL-LUBRICATED BEARING SELECTION AND
TES ]_S.

5.1 Introduction

The interstage seals in HPFTP introduce a significant stiffening effect which modifies the
pump dynamic response. In order to maintain the dynamic similarity, the simulating
HPFTP rubbing rotor rig was equipped with two off-lubricated bearings. By varying oil
pressure in the bearings the variation of fluid film radial stiffness was achieved.

5.2 Seal-Simulatine Oil Bearine Tests

p

5.2.1 Introduction

The purpose of these tests is to verify and document the stiffness characteristics of the
pressurized bearings used on the rub rotor rig to simulate the interstage seals in the
HPFTP. A cylindrical bearing with a 0.52 diameter-to--length ratio was designed (Fig.
5.1). In a preliminary tested bearing the radial clearance was 2.5 mils. When installed in
the rubbing rotor rig, too low clearance bearing caused problems with rotor alignment.
The bearings were then redesigned for increased radial clearance of 5.5 mils. The stiffness
versus oil pressure, the main control relationship, was determined using the static and
dynamic tests.

5.2.2 Test Procedure

The bearingtestsetup is shown in Figure5.2. It consistsof a 0.375 inch diameter shaft
supportedat one end in a radiallyrigidbearingand at the otherend in the oillubricated
cylindricalbearingunder test(Fig.5.1). The lubricantisT10 oil(Chevron GST 0il132,
ISO-VG-32). The shaftis centeredin the testbearingusing a rollingelement bearing
mounted to the rigidframe through calibratedsprings.This arrangement isplaced as far
from thebearingunder testas possibleto reduceitsdynamic effecton the measured values.

5.2.3 Static Test

The static radial load force is applied to the shaft using another rolling element bearing
connected to a weight carriage with a string routed through a series of pulleys. The static
test on the bearing consisted of varying the load in the weight carriage and measuring the
resultant displacement of the shaft in the bearing by using two noncontacting eddy current
displacement probes mounted in the XY orientation. The force vector (amplitude and
phase) was then divided by the resultant motion response vector to obtain the dynamic
stiffness. Then the stiffness was resolved into two components, one in the same direction
as the applied force, the "direct stiffness," and another at right angles to the applied force,
the "quadrature stiffness." The mathematical model of the system and the corresponding
analytical relationships are discussed in Section 5.3.

Since the force cannot be applied directly to the shaft at the bearing and resultant motion
cannot be r_easured at the same location, the experimental values determined by the raw
force and motion vectors must be modified by a geometric/modal correction factor.

5.2.4 Dynamic Tests

The dynamic testsetup was aiTangedby replacin the rollingelement bearing,pulley,and
weight carriageassembly of the static gasetupwith lightdisk,intowhich unbalance masses
couldbe insertedat a 1.2-inchradius.The testconsistedofmeasuring the rotatingshaft
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vibration response due to the rotating unbalance mass over .the perturbation speed range of "
200 to 6000 rpm. The measuring transducers were located at the bearing. Again, the force
vector resulting from the rotating unbalance mass was divided by the vibration response
vector to produce the dynamic stiffness. The mathematical model of the system and the
corresponding analytical relationships are discussed.in Section 5.3.

5.2.5 Results of Static Perturbation Testing of the 2.5 _ Radial Clearance
Bearing

The test was performed at two conditions regarding the rotative speed, namely, 0 and 1000
rpm. The results from 0 rpm run are presented in Figures 5.3 and 5.4 and from the 1000
rpm run, in Figures 5.5 and 5.6. They indicate that the fluid film radial stiffness is linearly
dependent o_ the oil pressure with a coefficient of proportionality of approximately 5.5
lb/in/psi while the quadrature stiffness is very small and practically independent of oil
pressure. Since the force is not applied to the shaft within the bearing, the stiffness values
need to be adjusted by a geometric/modal factor equal to 0.65 to get the actual bearing
fluid film radial stiffness. This factor reduces the beating stiffness slope versus pressure to
3.6 Ib/in_psi. With the maximum oil supply pressure of 25 psi, this produces a maximum
radial stiffness of 90 lb/in. Since the rotor rub rig required values from 0 to 75 lb/in., this
bearing gave a slight over range capability while still providing good setpoint resolution.
The data also indicates that the bearing radial stiffness is independent of rotative speed,
within a 1/mited range of shaft eccentricity inside the bearing clearance, start:'.ng from zero
to a certain value, determined by the shaft rotation-related circumferential flow inside the
clearance area. This value varies, depending on the actual rotating speed. The useful
range of eccentricities is smallest for 0 rpm rotative speed. However, as the bearing would
be used predominantly above 1000 rpm, the useful displacement range of the shaft within
the bearing will be well over 1.5 mils, which corresponds to the eccentricity ratio of 0.6.

5.2.6 ltesults of Dynamic Perturbation Testing of the 2.5 Mil Radial Clearance
Bearing

The results of the dynamic tests of the 2.5 rail clearance bearing are shown in Figures 5.7
and 5.8. The stiffness values can be determined from the data by extrapolating the values
of direct dynamic stiffness at 0 rpm perturbation frequency. The slope of the direct
dynamic stiffness is determined by the effective (modal) system mass while the slope of the
quadrature stiffness is determined by the system damping. These latter values are not
important in this application and are, therefore, not evaluated. The bearing radial stiffness
values determined using the dynamic forcing function confirm the values obtained using the
static forcing function in the previous test.

5.2.7 Results of Static Perturbation Testing of the 5.5 1Vfil Radial Clearance
Bearing

The results of the static perturbation testing of the 5.5 rail clearance seal-simulating
bearing are presented in Figure 5.9. The experimental data indicate the coefficient of fluid
film radial stiffness is 3.75 lb/in/psi, which becomes 5.8 lb/in/psi when modified by the
geometric correction factor. For this particular test setup, this factor was 1.54 (see Fig.
5.2). The quadrature stiffness is very small and practically independent of oil pressure.
With the maximum system oil pressure of 20 psi, this gives a stiffness range of 115 Ib/in
which is compatible with the requ/red range of 80 lb/in determined from critical speed
computations for the rubbing rotor rig. The useful linear range of eccentricities has been
increased from the original 1.5 mils pk to approximately 5.0 mils pk before the fluid film
nonlinearity causes the stiffness to increase independently of oil pressure.
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5.3 Mathematical Model Used for Oil Lubricated Bearing Test Data Int_uretation

The considered rotor/bearing system lateral motion model for the first mode is as follows:

M_ + Ds;. + D(_-zjw A) + Kz + Ko(P)Z = F (5.1)

• = d/dr j -

where

M is system generalized (modal) mass for the first mode.

z -- x %jy is shaft lateral displacement at the bearing location (x - horizontal, y -
vertical) in a form of complex number.

D s is external viscous damping.

A is lubricated bearing fluid average circumferential velocity ratio.

D is bearing fluid film radial damping coefficient.

w is shaft rotative speed.

K is system generalized (modal) stiffness (including stiffness of supporting springs).

p is the fluid press_e.

Ko(P) is bearing fluid film radial stiffness as function of pressure p.

F is perturbation force. For the static test F - Pe ja = const, where P is amplitude

and _ is angular position of the static force, and for the dynamic test F =

• t
= mrw_/wp where Wp is perturbation frequency,and m and r are mass and

radius of perturbationunbalance respectively.The forceF includesthe geomet-
ric/modal factoradjustment. The lattertakesintoconsiderationthe factthat the
forceis not applieddirectlyto the journal,but to the shaftat a certaindistance
from the journal.

t is time.

e = 2.718...

The objectiveof the testisidentificationof the fluidfilmradialstiffnessK o as a function

ofoilpressurep.
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5.3.1 Static test: F = const - Pe ja.

J

, , A
I'

The solution of Eq. (5.1) withF = Pe j_ is

.(t) = BJ (5.2)

where B and _ are amplitude and angular position of the shaft static response

respectively. They are measured in the test. Taking (5.2) into consideration, the following
equation results from (5.1):

Be j/_ [-Dju A + K + Ko(P) ] = p_O" (5.3)

By splitting the real and imaginary parts Eq. (5.3) can be solved for dynamic stiffness (D$)

components:

Direct DS = K + Ko(P ) = P cos (_- a)
!

Quad DS = DAw = P sin (_- a) (5.4)

The right-hand side expressions of Eqs. (5.4) contain measured parameters,
left-hand side parameters can be identified.

In the static the test variables were rotative speed (two data points, namely, u

u = 1000 rpm), bearing fluid pressure, p, and the force amplitude P.

5.3.2 Dynamic test: F = mru_e jupt

ju_t
The solution of Eq. (5.1) with F - mru_e P is

zCt)-- AJ (upt+a)

thus, the

=Oand

(5.5)

where A and a are amplitude and phase respectively of the shaft forced response due to

perturbatio_ force with synchronous-to-perturbation frequency Up.

Expression (5.5) introduced to Eq. (5.1) gives the following algebraic equation:

Ae ja [-MoJ_ + D sju p + Dj(Up-AU ) + K + Ko(P) ] = mru_ (s.s)

Again Eq. (5.6) can be solved for dynamic stiffness (DS) components:

Direct DS = -Mu_ + K + Ko(P) = _-_ cos a
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Quad DS = Ds_ p + D(_p -,A_ ) = ---A --E sin

The right-hand side expressions of Eqs. (5.7) contain again the measured parameters, so
that the left-hand side coe_cien_s can be identified. In this test the synchronous

perturbation was used, i.e., oJp = o_.

Variable parameters in the dynamic test were shaft rotative/perturbation speed _ , and

bearing fluid pressure, p.

5.4 Summary_

The performed tests show that the bearings designed to simulate the HPFTP intex_tage
seals on the rub rotor rig are appropriate for use in the system. They provide a slight over

range capability while producing good setpo.int resolution of the fluid film radial stiffness
within the required range of 0 to 75 lb/in. Both static and dynamic tests provide
comparable data. The perturbation testing proved to be very useful and efficient.
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&" RUBBING ROTOR RIG SIMULATING HPFTP.

6.1 Rotor Rig,

The rotor rig designed to simulate the HPFTP rotor for rub te_ting is shown in Figures 6.1
and 6.2. The rig consists of a 0.375--inch-diameter shaft with four disks, to simulate the
lumped mass contributed by the pump impellers and turbine blading. The shaft is
supported by rolling element beatings suspended from a rigid housing with four matched
springs. This system provides a relatively soft, lightly damped support structure similar to
the support characteristic of the HPFTP. Fluid lubricated cylindrical bearings with T10
(Chevron GST Off 32, ISO-VG-32) oil supplied from an adjustable pressure source are
used to simulate the additional radial stiffness created by the HPFTP seals. The picture of
the rotor rig is given in Figure 6.3 with a key in Figure 6.4.

6.2 Instrumentation of the Rubbinz Rotor Ri_ Simulatin_ HPFTP

The HPFTP simulatioR rotor rig was equipped with a monitoring system to provide time,
rotative speed, and vibrational response at several axial locations along the shaft. See
Figure 6.2 for transducer locations and associated data paths and Figures 6.5 and 6.6 for
monitoring system. The individual components of the system are discussed in more detail
in the following paragraphs. The information on the electronic instrumention used in the
experiments is included in the Appendix A3 of this report.

6.2. i VibrationTransducers

The iateraldisplacementsof the rotorare convertedto electricalsignalsby the vibration
transducers. A Bently Nevada Corporation 300 Series190 proximity transducersystem
was used to obtain the shaftrelativevibrationalmotion at the differentaxiallocations.

Bently Nevada Corporationhigh frequencyaccelerometersand interfacemodules were used
to monitor absolutemotion when necessary.(SeeSection9.2.1and Appendix A3.)

6.2.2 Data Acquisitionand ProcessingInstrumentation

The majority of th_ final vibrational data of the rubbing rotor rig was obtained by reducing
the vibrational signals from the transducers using a BENTLY NEVADA 108 DAI. The
DAI (Data Acquisition and Instrumentation) provided data acquisition, synchronous
filtration, plus amplitude scaling. Timebase information suitable for processing into
narrow band spectrum data was also obtained by the 108 DAI. The instrument was
connected to an IBM compatible personal computer system via an RS23P. interface bus.

The computer system was operated with ADRE III® software developed by BENTLY
NEVADA. The computer processedand storedthe data,and produced the hard copy via
an externalprinter.

[

i

_---__

The remaining data was acquired by reducing the vibrational data with a BENTLY
NEVADA DVF-II and a HEWLETT PACKARD 3582 spectrum analyzer. The DVF-II
provided the synchronous filtration and amplitude scaling, while the HP3582 spectrum
analyzer produced the narrow band spectrufn information. These instruments were
connected to a HEWLEq_T PACKARD 9836C computer via an IEEE-488 interface bus.
The computer system was operated with ADRE II or special software developed for Bently
Rotor Dynamics Research Corporation to provide data presentation formats, data storage,
or additional data manipulation. Hard copy was produced within this system using an
external printer, a HEWLETT PACKARD 9876A. Since this system can only process two
channels of information at one time, a TEAC SR-51 or HEWLETT PACKARD 3868A
multi-channel-FM tape recorder was used in conjunction with a BENTLY NEVADA 5248
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---02 amplifier rack to capture the necessary data. This data was then played back into the
signal processing, system two channels at one time until all the data from all the channels
was processed.

6.2.3 Description of Data Presentation Formats

Machinery vibration characteristics are conveniently presented on several distinct types of
hard copy data plots. To provide _m overview on the specific data presentation formats,
the following descriptions are presented.

Steady-State Data Formats: The first format is the observation of shaft vibration signals
in the time domain. This is normally combined with a shaft orbit when mutually
perpendicular radial probes are observing the shaft motion, and phase is referenced with a
once-per-turn Keyphasor®. signal provided by the Keyphasor_ probe. During data
acquisition, this information can be observed directly on the oscilloscope screen as timebase
waveforms and orbits. Both have once-per-turn Keyphasor marks, bright dots preceded
by blanc spots.

Transient Data Pormats: The second major category of data addresses the presentation of
transient, variable rotative speed information. Typically this data is viewed in terms of
the synchronous rotative speed vectors, as processed through the BENTLY NEVADA DAI
108, plus frequency spectra. Both types of data are requi_ed to provide the necessary
overview of synchronous vector changes, plus the overall variation of frequency
distribution.

The rotativespeed vectorsare accommodated by the Bodd plot where a running speed
filteredvibrationamplitude and phase angle are simultaneouslyplottedas a functionof
machine speed. The same informationas in the Bodd plotcan be presentedin a polarplot
format. The polar plot describesthe locusof the shaftresponse vectorswith variable
rotativespeed during a rotorstart-up or shutdown operation. Although both of these
plotsprovide the same basicdata array,the Bodd providesexcellentvisibilityof changes
with res_ct to rotativespeed, and the polar plot yieldsimproved resolutionof phase
variation. Data of this type is essentialfor identifyingrotor criticalspeeds (balance
resonancespeeds),and the influenceofsecondaryresonancesduringvariablespeed response
testing.In allcases,the synchronous vectorsare plottedwith amplitudes in mils,and
phase anglesexpressedin terms of degreesof phase lag. Under machine conditionswhere
significantsub or super synchronousvibrationcomponents are generated,itisdesirableto
generatea cascadeplotof individualspectraat incrementaloperatingspeeds. This type of
data presentationprovidesan excellentoverview of the frequencycontentof the vibration
signalsas a functionof rotativespeed.

6.2.4 AILxiliary Instrumentation

In addition to the eddy current displacement transducers,accelerometers,and the
computerized data acquisitionand processingsystem used to document the vibration
response of the rotor rig,other instrumentationwas used to monitor secondary process
variables. A digitalscalewas used to measure the magnitude of the masses used to
produce the synchronous excitationforces.Dialpressuregauges were used to monitor the
oilpressurein the sealsimulationbearings.Measurement scaleswere used to evaluatethe
amount of preload applied to the rotor. In addition to these, other electroniclab
instrumentswere used as needed such as oscilloscopesto monitor vibrationsignals,Digital
Multimeters to check and set probe gaps,and Current Limited power suppliesto provide
the voltagepotentialsused to monitor rotor-to-statorcontact.
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6.3

Following the initial design criteria to dynamically simulate the HPFTP, the rotor rig was
built. The rig geometry and the instrumentation for vibration data acquisition and
processing is described in this chapter. |.,

29"

27.4"

23.9" I i

_- 17.7"

:- 16.5" :1

13.4" = I=

_" 11.7" =i

I
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!. ELECTRIC MOTOR

2. FLEXIBLE. COUPUNG

3. BALANCING DISK

4. PUMP IMPELLER DISK

5. TURBINE IMPELLER DISK

6. _JPPORT BEARINGS

7. SEAL SIMULATING BEARINGS

8. 0.375" DIAMETER SHAFT

9. ROTOR _ASE

10. PRELOA0 SPRING

FIGURE 6.1 HPFTP SIMULATION RUBBING ROTOR RIG STRUCTUB.AL
DIMENSIONS.
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FIGURE 6.3 ROTOR TEST
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FIGURE6.5 INSTRUMENTATIONFOR DATAACQUISITION/REDUCTION(HP
COMPUTERW_TH PLOTTEa, AMPLIFIER,DIGITALVECTOR
_'ILTE_, SPECTRUMANALYZEa,OSClL.LOSCOPE,AND TAPE
RECORDER).

FIGURE 6.6 INSTP.UMENTATION FOK DATA ACQUISITION/REDUCTION:
ADKE 3 PACKAGE (IBM COMPUTER WITH PLOTTER AND
INTERFACING DIGITIZING INSTRUMENT)..
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7, HPFTP SIMULATING RUBBING ROTOR RIG PRELIMINAB.Y EXPERIMENT-
AL RESULTS.

7.1 Te_t O]_je_tive _md Experiment Conditions

The rotor rig simulating the HPFTP was scaled down to reduce the forces, and hence
increase the safety factor during the experiments. In order to. verify that the d_rnamic
behavior of the rotor rig simulates that of the HPFTP a series of tests were penormed.
These tests consisted oi_ transient run-up data monitoring over the frequency range of
interest for different seal simulation beating pressures. This data was then reduced to get
the resonant frequencies and the associated vibrational mode shapes at each frequency.
The obtained mode shapes can be directly compared with those expected from the HPFTP
while the resonant frequencies must be modified by a scale factor before comparison. If the
relationship between the resonant frequencies of the rig and the mode shape at eac.n
frequency matches that of the HPFTP the,, the dynamic vibration response of the rotor ng
should predict how the HPFTP would react under the same conditions.

7.2 Test Results

Figures 7.1 to 7.56 present the vibration data obtained from the HPFTP simulating

rubbin_ rotor rig for four values of oil pressures in the seal simulating bearings between 0
psi an(/15 psi. The probe locations indicated in the plot headings ate referenced to their
axial locations along the shaft in Figure 6.2. The synchronous vibration data indicate three
resonant frequencies within the frequency range of interest. The mode shapes for the first
three natural frequencies are shown in Figures 7.57 to 7.59 along with the predicted mode
shapes for the HPFTP with a rigid casing. As can be seen from the figures, the mode
shapes for the rubbing rig ate very similar to those of the HPFTP supplied by NASA. By
far the largest discrepancy occurs at the first mode for high oil pressures at the seal
simulating bearings. The mode shape becomes pinched in the center because at high oil
pressures the seal stiffness is greater than the support bearing stiffness. At normal
simulation conditions the oil pressures for this rotative speed range ate less than 3 psi. The
rubbing rotor rig mode shape is then almost identical with the one predicted for the
HPFTP. The second mode shows a slight restriction at the pump end of the shaft, caused
by the additional restraint of the coupling used to connect the shaft to the drive motor.
Since the deviation from the predicted mode shape is minor, and also at a noncritical axial

location along the shaft, it .does not significantly modify the rig vibrational response during
rub testing. The third mode matches the predicted mode shape ver_ well for all operating
conditions. The resonant rotative speeds ate shown in Table 7.1 along with those predicted

NASA. This data shows that the rub rig resonant speeds have been scaled down from
b_e actual HPFTP resonances by a factor of nine; note the scaled HPFTP resonant speeds

are also included in Table 7. [ for comparison. Even though the resonant speeds for the rub
rig have been scaled down for safety during the experiments, the data in the table clearly
shows that the relationship between the resonant speeds and the mode shape at each
natural frequency ate the same for both the HPFTP and the rubbing rotor rig, the data
taken on the rig should be representative of that from the ltPFTP.

A phenomenon of interest, but not pertincnt to this rub research, is the occurrence of rotor
oil whirl/whip self--excited vibrations at rotative speeds above 3200 rpm and oil pressures
in seal simulating bearings below 10 psi. This hopefully will not create any significant
problem during rub tests since the oil pressure can be controlled to eliminate the instability
at the rotative speed of interest. When even a light rotor-to--_tator tub occurs, it causes
enough change in the system dynamic stiffness at the seal simulation locations to
re--stabilize the rotor (see the paper in Appendix 2, for the experimental data and
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conclusions regarding the effect of rub on oil whiff/whip instabilities). In this aspect the
rub provides g positive effect.

The rig can be run over the full operating range without oil whiff/whip at 0 psi pressure, if
all the oil is blown out of the seal clearance area using compressed air before the rub
experiment begins.

e

The experimental data also shows the presence of a very small 2x vibrational component at
all measurement planes. This is probably caused by an asymmetry produced by the disk
mounts. The disks used to simulate the pump Impellers and turbine blading are positioned

along the shaft and then secuxed in place usin_ a set screw tightened against the shaft.
Previous experience with rotor systems has indicated that this causes a slight asymmetry
in the rotor lateral stiffness characteristics in two orthogonal directions. Coupled with the
preload due to gravity or the radial preload applied to the rotor, the shaft asymmetry
causes the 2x component to appear in the vibrational response. As can be seen from the
data, this component is very small and will not interfere with the data obtained from the
rub experiments.

Mode

1st

2nd

3rd

HPFTP

[rpm]

16828

30881

46286

Natural Frequency

SCALED'

[*pm]

1870 .

3435

5150

0 psi 5 psi

1650 1900

3000 3100

5400 4800

i0 psi

2200

3350

5100

15psi
i

2300

3750

5200

TABLE 7.1

Summary of NaturalFrequenciesforHPFTP and Rubbing
Rotor Rig at DifferentSealPressures

7.3 Intern_lFrictionInstability

During initialcheckout and debugging of the HPFTP simulationrotorrig,a vibrational
instabilitywith a limit cycle subsynchronous vibrationsof the frequency equal to the
system firstnaturalfrequencywas noted forrotativespeeds above 5500 rpm, (seeFisures
7.8 to 7.14). The sealsimulation bearingswere run without oil,which eliminatedthe
possibilityof fluid-relatedwhirl/whip instability.After some carefulchecking to ensure
that the vibrationwas not caused by forcescoupled through the supportingstructure,it
was concluded that the instabilitywas caused by the internal/structuralfrictionof the
rotor. Sincethe diskssimulatingthe pump and turbineimpellermasses were slippedonto

the shaftand securedin placewith a setscrewpressedagainstthe shaft,it was assumed
thatthey would be the major contributingfactorsto the internal/structuralfriction.
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In order to circumvent the time--_nsuming alignment procedure required for the
simulation rotor fig after each disassembly/reassembly proceSs, a second rotor was
constructed from spare parts. Initially the new rotor was suspended in standard bronze
Oilite rotor kit bearing bushings. In this configuration the test rotor would not duplicate

the instability observed on the HPFTP simulation rotor rig. When th_ 0ilite bearings
were replaced with standard anti-friction rolling dement bearings, the test rotor then
duplicated the symptoms originally observed. The disks were then bonded to the shaft

with a cyanoacrylate _lue. This resulted with no change in the stability threshold and
subsynchronous vibrations. Gluing does not produce a friction-free joint; however, the
probability of getting the same friction coefficient for the disks glued to the shaft or secured
with a setscrew seems small. Therefore, it Was assumed that t_he disk mountingtechnique

was probably not the main factor contributing to the instability. To verify this, a shaft
was run with no disks attached. This produced the same instability pattern, but with a
slightly higher rotative speed threshold..

Since the instability occurred outside the desired operating speed range and, therefore, was
not creating a significant problem, the internal friction studies were discontinued at this
point.

7.4 Summary

In order to secure a safe environment to perform the rub tests, the HPFTP needed to be
replaced with a model which produced lower energy levels during rotor-to-stator contact.
This was accomplished by reducing both the rotative speed and the mass of the simulation

"rub rig. Tests were then performed which verified that the simulation rub rig retained the
same ratios between natural frequencies as the HPFTP. The results of these tests are

discussed in this chapter. The tests indicated the mode shapes at the natural frequencies
matched those of the HPFTP. Based on these test results, it was concluded that the
simulation rub rig would produce comparable vibration responses as the original HPFTP.
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FIGURE 7.4 BODt_ PLOT OF ROTOR SYI_CHRONOUS VIBRATION

MEASURED AT CHANNEL #4. 0.0 PSI OIL PRESSURE AT SEAL
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FIGUltE 7.5 BODI_ PSOT OF ROTOR SYNCHRONOUS VIBRATION
MEASUltED AT CHANNEL _5. 0.0 PSI OIL PRESSURE AT SEAL
SIMULATION BEARINGS. 0.0 INCH PRELOAD.
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MEASURED AT CHANNEL #6. 0.0 PSI OIL PRESSURE AT SEAL
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FIGURE 7.7 BODI_ PLOT OF ROTOR SYNCHRONOUS VIBRATION

MEASURED AT CHANNEL #7. 0.0 PSI OIL PRESSURE AT SEAL
SIMULATION BEARINGS. 0.0 INCH PRELOAD.
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COMPANY ¢ BENTLY. ROTOR OYN_MZO
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FIGURE 7.8 SPECTROM CASCADE OF ROTOR VERTICAL VIBRATIONS

DURING START-UP MEASURED AT CHANNEL #I. 0.0 PSI O!L
PRESSURE AT SEAL SIMULATION BEARI,NGS. 0.0 INCH
PRELOAD.
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COMPANY : BENTLY ROTOR OYNMMZC
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COMPRNY : BENTLY ROTOR DYNAMZC

PLANT : LRB

_00 REFERENCE: NRSR
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FIGURE 7..12 SPECTRUM CASCADE OF ROTOR VERTICAL VIBRATIONS
DURING START-UP MEASURED AT CHANNEL #5. 0.0 PSI OIL
PRESSURE AT SEAL SIMULATION BEARINGS. 0.0 INCH
PRELOAD.
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DURING START-UP MEASURED AT CHANNEL #6. 0.0 PSI OIL
PRESSURE AT SEAL SIMULATION BEARINGS. 0.0 INCH
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SURED AT CHANNEL #4. 5 PSl OIL PRESSURE AT SEAL
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FIGUI_ 7.19 BOD:E PLOT OF ROTOR SYNCHRONOIJS VIBRATION MEA-

SURED AT CHA, NNEL #5. 5 PSI OIL PRESSURE AT SEAL
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COMPANY : BENTLY ROTOR OYNAMZO
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OOB REFERENCE: NASA
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FIGURE 7.20 BODI_ PLOT OF ROTOR SYNCHRONOUS VIBRATION MEA-

SURED AT CHANNEL #6. 5 PSI OIL PRESSURE AT SEAL
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FIGURE 7.21 BODI_ PLOT OF ROTOR SYNCHRONOUS VIBRATION MEA-
SURED AT CHANNEL #7. 5 PSI OIL PRESSURE AT SEAL
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COMPANY = BENTLYROTOROYN_MZC
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FIGURE ?.23 SPECTRUM CASCADE OF ROTOR VERTICAL VIBRATIONS

DURING START-UP MEASURED AT CHANNEL #2. 5 PSI OIL
PRESSURE AT SEAL SIMULATIOn:; BEARINGS. 0.0 INCH
PRELOAD.
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FIGURE 7.24 SPECTRUM CASCADE OF ROTOR VERTICAL VIBRATIONS
DURING START-UP MEASURED AT CHANNEL #3. 5 PSI OIL
PKESSURE AT SEAL SIMULATION BEARINGS. 0.0 INCH
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FIGURE 7.25 SPECTRUM CASCADE OF ROTOR VERTICAL VIBRATIONS
DURING START-UP MEASURED AT CHANNEL #4. 5 PSI OIL
PRESSURE AT SEAL SIMULATIOn; BEARINGS. 0.0 INCH
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COMPANY ; BENTLY ROTOR DYNAMZO .

PLANT : lAB

_OB REFERENCE: NASA

MACHZNE TRAXN; SPACE SHUTTLE MOOEL
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COMPANY : BENTLY ROTOR DYNAMXC
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COMPANY : BEN'T'I,,,Y ROTOR.OYNAMZC
PLANT | LAB

JOB REFF..qENCE¢ NASA
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FIGURE 7.29 BODI_ PLOT OF ROTOR SYI_CIIIIONOUS VIBRATION MEA-
SURED AT CHANNEL #I. I0 PSI OIL PRESSURE AT SEAL
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FIGUI_E 7.30 BODE PLOT OF ROTOR SYNCHRONOUS VIBRATION MEA-

SURED AT CHANNEL #2. I0 PSI OIL PRESSURE AT SEAL
SIMDLATION BEARINGS. 0.0INCH PRELOAD.
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FIGURE 7.31 BOD_ PLOT OF ROTOK SYNCHRONOUS VIBRATION MEA-

SUIIED AT CHANNEL _#3. I0 PSI OIL PRESSURE AT SEAL
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COMPRNY : BENTLY ROTOR OYNAMZO
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FIGURE 7.32 BODI_ PLOT OF ROTOR SYNCIIRONOUS VIBRATION MEA-

SURED AT CHANNEL #4. 10 PSl OIL PRESSURE AT SEAL
SIMULATION BEARINGS. 0.0INCH PRELOAD.
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COMPANY : EENTLY ROTOR DYN_JZ¢
PLANT : LAE
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FIGUIIE T.33 BOD]_ PLOT OF ROTOR SYNCHRONOUS VIBP, ATTON MEA-
SURED AT CHANNEL #5. I0 PSI OIL PRESSURE AT SEAL
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COHP_NY : BEN3%Y ROTOR OYNIiMZC
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FIGUR.E 7.34 BODE PLOT OF ROTOR. SYNCHRONOUS VIBRATION MEA-

SURED AT CHANNEL #6. I0 PSI OIL PRESSURE AT SEAL
SIMULATION BEARINGS. 0.0 INCH PRELOAD.
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COMPANY : SENTLY ROTOR DYNAHXC
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JOE REFERENOE:.NRS_

HACHXNE TRAZN: SPACE SHUTTLE HOOEL

Ma¢_tAnl: ROTOR KZT Ch_ ? ?VO

SR: e.3o • ca 3sa rp_

Startup

PLOT N=.

IX FiAtBrud Comp

u",j

/,
j,

r

9;J

\

27_ I

0

.1

" I_- as, ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' '" I ' '" ' ' I ' ' ' '

0,

E

J
I

I

i

6

4

2

m

m

m

m

FIGURE 7.35 BODt_ PLOT OF ROTOR SYNCttRONOUS VIBRATION MEA- ' .-

SURED AT CHANNEL #7. I0 PSI OIL PRESSURE AT SEAL
SIMULATION BEARINGS. 0.0INCH PRELOAD,
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FIGURE 7.36 SPECTRUM CASCADE OF ROTOR VERTICAL VIBRATIONS
DURING START-UP MEASURED AT CHANNEL #1. 10 PSI OIL
PRESSURE AT SEAL SIMULATION BEARINGS, 0.0 INCH
PRELOAD.
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FIGURE 7.37 SPECTRUM CASCADE OF ROTOR VERTICAL VIBRATIONS

DURING START-UP MEASURED AT CHANNEL #2. 10 PSI OIL
PRESSURE AT SEAL SIMULATION BEARINGS. 0.0 INCH
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& FIGURE 7.38 SPECTRUM CASCADE OF ROTOR VERTICAL VIBRATIONS
DU_ING START-UP MEASURED AT CHANNEL #3. 10 PSI OIL
PRESSURE AT SEAL SIMULATION BEARINGS. 0.0 INCH
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COMPRNY : EENT_Y ROTOR OYNRIIZC
PLRNT : L_B

_OB REFERENCE: N_SR
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COMPANY = BENTLY ROTOR DYN_tZ¢

PLANT : LAB

_OB REFERENCE: NASA

MACHZNE TRAZN: SPACE SHUTTLE MODEL
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COMPRNY : BEHTLY ROTOR DYNAMZC
PLANT : LRB

JOB RE_ERENCE: NASA

MACHINE TRAZN: SPACE SHUTTLE MOOEL
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FICURE 7.41 SPECTRUM CASCADE OF ROTOR VERTICAL VIBRATIONS
DURING START-UP MEASURED AT CHANNEL #6. 10 PSI OIL
PRESSURE AT SEAL SIMULATION BEARINGS. 0.0 INCH
PRELOAD.
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FIGURE 7.42 SPECTRUM CASCADE OF ROTOR VERTICAL VIBRATIONS
DURING START-UP MEASUI_D AT CHANNT_L #7. I0 PillOIL
PRESSURE AT SEAL SIMULATION BEARINGS. 0.0 INCH
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COMPANY ; BENT_Y ROTOR DYNAMIC

PLANT _ LAB

_O8 REFERENCE: NASA

MACHINE TRAIN: SPACE SHUTTLE MODEL
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COMPANY : BENTLY ROTOR DYNRMZC

PLANT : LAB

_OB REFERENCE: N_SA
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FIGUB.E 7.44 BOD]_ PLOT OF ROTOR SYNCHI_ONOUS VIBRATION

MEASURED AT CHANNEL #2. 15 PSI OIL PRESSURE AT SEAL
SIMULATION BEARINGS. 0.0 INCH PRELOAD.
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COMPANY : BENTLY ROTOR OYNRMZC
PLANT :. LR_

JOB REFERENCE: NASA

MRCHZNE TRRZN: SPACE SHUTTLE MODEL
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FIGURE 7.45 BODI_ PLOT OF ROTOR SYNCHRONOUS VIBRATION

MEASURED AT CHANNEL #3. 15 PSI OIl, PRESSURE AT SEAL
SIMULATION BEARINGS. 0.0 INCH PRELOAD.
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COHPANY : |ENTLY ROTOR OYNAMZ¢

PLANT _ LAB

OOE REFERENCES NASA

MACHZNE TRAZN: SPACE SHUTTLE MODEL
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FIGURE 7.46 BOD]_ PLOT OF ROTOR SYNCHRONOUS VIBRATION

MEASURED AT CHANNEL #4. 15 PSI OIL PRESSURE AT SEAL
SIMULATION BEARINGS. 0.0INCH PRELOAD.
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ODMP_NY. : BENTLY ROTOR OYN#N_IZO

PLANT : L_B

J0E REFERENCE: N_$_
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FIGURE 7.47 BODE PLOT OF ROTOR SYNCHR.ONOUS VIBRATION

MEASURED AT CHANNEL #5. 15 PSI OIL PRESSURE AT SEAL
SIMULATION BEARINGS. 0.0 INCH PRELOAD.
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COMPANY : mEHTLY ROTOR OYNAMXC

PLANT : L_B

JOB REFERENCE: N_SA

MACHINE TR_XN: SP_CE SHUTTLE MODEL
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FIGURE 7.48 BODI_ PLOT OF ROTOR SYNCHRONOUS VIBRATION
,P" MEASURED AT CHANNEL #6. 15 PSI OIL PRESSURE AT SEAL [
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)!
109 ,



COMPANY : BENTLY ROTOR OYN4C:dIZC

PLANT = LAB

_0B REFERENCE: NASA

M_CHZNE TRaiN= SP_CE SHUTTLE MODEL

Machine: ROTOR KZT ChN 7 _UO

5R: S.2_ _ 9 344 rpm
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i FIGURE 7.49 BODE PLOT OF ROTOR SYNCHRONOUS VIBRATICN

MEASURED AT CHANNEL #L 15 PSI OIL PRESSURE AT SEAL

SIMULATION BEARINGS. 0.0 INCH PRELOAD.

110

I t



I

I

!

t
I

t
1 .

i
i

COMPANY : BENTLY ROTOR DYNAMIC
PLAHT : LAB

JOB REFERENCe: NASR
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FIGURE 7.50 SPECTRUM CASCADE OF ROTOR VERTICAL VIBRATIONS
DURING START-UP MEASURED AT CHANNEL #i. 15 PSI OIL
PRESSURE AT SEAL SIMULATION BEARINGS. 0.0 linCH
PRELOAD.
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_0MP_NY : EENTLY ROTOR OYN_MZC

PLANT : L_B

OOB REFERENCE: N_$_

M_CHZNE TRAIN: SPACE SHUTTLE MOOEL

Machine: ROTOR KZT Ch_ 2 2UD
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FIGURE 7.51 SPECTRUM CASCADE OF ROTOR VERTICAL VIBRATIONS

DURING START-UP MEASURED AT CHANNEL #2. 15 PSI OIL
PRESSURE AT SEAL SIMULATION BEARINGS. 0.0 INCH
PRELOAD.
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COMPANY = BENTLY ROTOR D_NRMZC

PLANT ; LAB

JOB REFERENCE: NASA
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SPECTRUM CASCADE OF ROTOR VERTICAL VIBRATIONS

DURING START-UP MEASURED AT CHANNEL #3. 15 PSI OIL

PRESSURE AT SEAL SIMULATION BEARINGS. 0.0 INCH
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CQMP ,..t : _NTLY ROTOR OYHAMZC

JOB REFERENCE: N_S_

MACHZNE TR_ZH: SP_CE SHUTTLE MODEL

Machiml: ROTOR KZT ChW 4 4UO
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FIGURE 7.53 SPECTRUM CASCADE OF ROTOR VERTICAL VIBRATIONS

DURING START-UP MEASURED AT CHANNEL #4. 15 PSI OIL
PRESSURE AT SEAL SIMULATION BEARINGS. 0.0 INCH
PRELOAD.
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COMPANY : BENTLY ROTOR DYNAMIC
PLANT : LAB
_OB REFERENCE: NASA
MACHZNE TRAZN: SPACE SHUTTLE MODEL

Ma_h_nR: ROTOR KZT Ch# G GUO

e. SX
l

t

I

I

I

I

I

t

t

I

I

I

t

I

!

I

i t

I

I

PLOT N¢:.

Startwp

/

/

/

S

I /

I /

I /

t /

I /

I /

I /

I /

I I ,j_//I

II i_ .

t /

!

!

I

UNCOMP

_×
/

/

/

/

/

/

/

/

/

/

/

/

/

/

4

FIGURE 7.54 SPECTRUM CASCADE OF ROTOR VERTICAL VIBRATIONS
DURING START-UP MEASURED AT CHANNEL #5. 15 PSI OIL
PRESSURE AT SEAL SIMULATION BEARINGS. 0.0 INCH
PRELOAD.
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FIGURE 7.55 SPECTRUM CASCADE OF ROTOK VERTICAL VIBRATIONS

DURING START-UP MEASURED AT CHANNEL #(3. 15 PSI OIL
PRESSURE AT SEAL SIMULATION BEARINGS. 0.0 INCH
PRELOAD.
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COMPANY : BENTLY ROTOR DYNMMZO

PLANT : LAB

J08 REFERENCE: NASA

MACHZNE TRAZN: SPACE SHUTTLE MODEL

Mlch_nl: ROTOR KZT Ch_ ? _VO
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_: FIGURE 7.56 SPECTRUM CASCADE OF ROTOR VERTICAL VIBRATIONS

DURING START-UP MEASURED AT CHANNEL #7. 15 PSI OIL
PRESSURE AT SEAL SIMULATION BEARINGS. 0.0 INCH
PRELOAD.
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FIGURE 7.57 HPFTP SIMULATION ROTOR RIG IST MODE SHAPE VERSUS
SEAL SIMULATING BEARING OIL PRESSURE REFERENCED TO
HPFTP MODE SHAPE SUPPLIED BY NASA.
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FIGURE 7.58 HPFTP SIMULATION ROTOR RIG 2ND MODE SHAPE VERSUS
SEAL SIMULATING BEARING OIL PRESSURE REFERENCED TO
HPFTP MODE SRAPE SUPPLIED BY NASA.
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FIGURE 7.59 HPFTP SIMULATION ROTOR RIG 3RD MODE SHAPE VERSUS

SEAL SIMULATING BEARING OIL PRESSURE REFERENCED TO

HPFTP MODE SHAPE SUPPLIED BY NASA.

120
r

1



q

I

8. EFFECTS OF RUB ON ROTOR-AND-STATOR RUBBING SURFACES.

8.1 Objectiveof the Study

Friction plays an important role in rotor-to--_tator rubbing. The objective of the first part
of the study described in this chapter is to evaluate friction coefficient at the rubbing
surfaces. Special blocks are designed to provide an easily replaceable rub surfaces for use in
rotor/statol rub experiments. In order to explore the effects of surface finish and material
contents, the blocks are constructed of different materials with varying surface finish
qualities.

The objective of the second part of the study is to investigate the rub-related damage of
the surfaces rubbing during a limited time.

8.2. Descrintion of Rub Blocks for Surface Rub-Related Damaee Study

The physical shape of the stator blocks is shown in Fignre 8.1. Three types of stator
simulating materials were used, namely 4140 steel, 2024 aluminttm, and a free machining
brass. The free machining brass varies from a standard "yellow brass" in that the alloy
contains a small amount of lead. In all cases during the rotor-to-stator rub experiments,
the rotor material was a tool steel drill rod (type 01).

The initial surface conditions of the rub blocks to be used in the rotor-to--stator rub tests
were investigated by using a scanning electron microscope to photograph each of the
surfaces. For reference, a series of photographs (Figs 8.2 to 8.7) presents two different
surface finishes from the above--mentionedstator simulating materials prior to rubbing.
The magnification was 200 times. The two surface finishes used are "as machined" and
"polished." The polished surface is a 2-microinch RMS finish. The Table 8.1 lists some
stator material properties of interest.

I

TABLE 8.1

Material

Properties of Materials Used for Rub Blocks

Modulus Coefficient Thermal Approx.
of Elast- of Thermal Conduct- Melting
icity Density Expansion ivity Temp.

E, Mpsi lb -sec2/in4 _ in/in -" F BTU/hr -ft -' F • F

Aluminum 2024 10.4 0.i0 12.0 i00 1200
Brass FM 15.5 0.31 10.5 45 1700
Steel4140 30.0 0.28 6.3 22 2700

8.3 Friction Measurement_F.ixture and Coefficient of Friction Aleori_hm

The coefficient of friction test fixture (Fig. 8.8) when used with the rotor/measurement
' system shown in Figure 8.9 allows the determination of the coefficient of friction between
I the rub block and rotating shaft surfaces. The test fixture consists of a platform upon

which the rub block under testis mounted. The rub block can be pressedagainstthe

deflectioncausedby the rub blockpressingagainstthe shaftwith the fixture'seddy current :
!
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displacementprobe, the normal forcemay be calculatedby multiplyingthisdisplacement
by the shaR'sstiffness.

Normal Force = 2 x (shaftdeflection)x I'48 E_II (8.1)
L1000 L_J

where E = Young modulus; 3x10z lib/in_]

I = Shaftcrosssectionmoment ofinertia;9.7xi0TM [in4]

L = Length ofspan between bearings;12 [in]

The coefficient1000 in the denominator correctsforunits,allowingthe shaftdeflectionto
be measured in milsinsteadofinches.The additionalmultiplicationfactorof 2 isrequired
because the bearingconfigurationcreatestwo 12-inch shaftspans which must be deflected
simultaneously,thereforedoubling the stiffness.Combining constants,the formula (8.1)
reduces to:

Normal Force = 1.62 × (shaft deflection) (8.2)

The tangential friction force can be determined by measuring the power of the motor and
its rotational speed using the following formula:

1

where V = Voltage acrossthe motor [volts]

I = Current through the motor [amps]

A = Phase anglebetween V and I

(550/746)= Conversionfactorfrom watts to R.Ibs/sec

= rotativespeed [rad/sec]

(12/0.187)= Inverseof shaftradius[ft]

0.85- Estimated motor efficiencyfactor

ARer combining the constantsEq. (8.3)reducesto the following:

FrictionForce = 40.21 x V x I x (Cos (A)) [Ibs]

The coefficientof frictionisthen computed by dividingthe frictionforceby the normal
force,thatis:

CoefficientofFriction= F r ict ion Force
Normal Force
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The rub experiments are performed using three different rub block materials each with two
different surface finishes. This requires that the coefficient of friction be determined for
each of the materials and surface finishes in order that the tangential force may be
computed during the rub experiments. The experiments are performed at different rotative
speeds. Therefcre, this-test system is also used to determine coefficient of friction
sensitivity to rotative speed within the expected range of test speeds.

8.4 Results of S_rf_¢¢ FrigtiQn (_oefficient Measurements

The resultsof frictionforceversusnormal forcefor the differentrub block materialsand

the steelrotorare shown in Figure 8.10. As can be seenfrom the slopeof the curves_the
coefficientof frictionisfairlyconstantin the range of appliedforces.For aluminum/steel
and brass/steelthey are nearlythe same and equal approximately0.5,while the friction
coefficient for steel/steel proved to be higher, at about 0.7.

8.5 Effectsof Rotor-to---StatorRub on Rul_bin_Surfaces

The rotor-to-statorrub causesrubbingsurfacedamage due to friction,grinding,and wear.
In thissectionthe effectsof rub on rubbing surfacestateare described.The resultsof the
experimentaltestingarepresented.

8.5.1 Test Procedure

A two--diskrotorrig was used to investigatethe effectof materialand surfaceproperties

duringrotor-to-statorrub (Fig.8.11).The operatingsp_d of the rotorwas held at 1000
rpm. With the rotorshaftdiameter of 0.375 inches,thisprovidesa surfacevelocityof
98.17ft/min (0.499m/s). The estimatednormal forceat rubbing surfacesduringthe test
was 3 Ibs. All testingwas conducted at room temperature without any externalsourceof
lubrication(dry rub). The axialpositionof the rub block along with system geometry is
givenin Figure8.12.

During experiments, the rotor was exposed to rub for two different durations of time.
Actual rotor-to-stator contact was 15 and 60 seconds.._lthough arbitrarily selected, these
time periods provided results with reasonal_le comparative values. Samples were then
closely inspected and selected for further analysis via electron-microscopy (scanning
electron microscope). Photographs of the individual stator simulating rub blocks and the
corresponding rotor sections after rubbing experiments are presented in Figures 8.13 to
8.24.

8.5.2 MetaUographic Analysisof Rub SurfacePhotographs

Initialinspectionof the "polished"samples afterrub proved to be inconclusiveas surface
conditionscould not effectivelybe maintained for comparative purposes. The polished
2-microinch surface finishwas corrupted so rapidly that further analysiswas not
consideredpractical. Testing of the differentmaterial types, run over the two rub
durations,provided more conclusiveresults.Figures8.13 to 8.24 illustratethe effectsof
rub for two time durations(15 sec.and 60 sect)on each of the three stator--simulating
materials(aluminum, brass,and steel).These photographsindicatea consistentpatternin
the deformationprocess.

The stator-simulatingmaterialsurfacespresentedin Figures 8.13,8.15,8.17,8.19,8.21,
and 8.23 (with the exceptionof Figure 8.17)are photographsof the rub zone trailingedge.
The softermore ductilematerials,namely aluminum and brass,indicatea significant
"smearing" actiontakingplace. The surfacesbecome more uniform with time. The
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associated rotor shaft sections (Figures 8.I4, 8.16, 8.18, 8.20, 8.22, and 8.24) show the
build-up of stator-simulating materials on the shaft as time progresses. Figures 8.25 to
8.30 are full-view photographs of each of the rub blocks and the associated section of shaft.
The areas of rub damages indicated by the arrows are plainly visible.

The purpose of the rotor-to-stator rub tests conducted with aluminum and brass was to
investigate rub phenomena of dissimilar materials. "Dissimilarity" refers here to the
different electrical, chemical, and mechanical prop_.rties of the materials at the atomic and
macro levels. Electrical differences occur in the atoms' shell of valence electrons with the
number of valence electrons controlling the bonding properties between atoms. At the
macro level, chemical differences exist. Mechanical properties are largely determined by
the amounts of the different elements present, as well as the crystal structure and grain
structure induced by processes used to produce the final form of each material. To alter
the form of a material requires an energy transfer of some type. In these experiments, rub
provides the primary mode of energy transfer. Rub generates normal and tangential forces
at the rotor-to--stator contact area initiating changes in rotor dynamic motion, as well as
causing material surface deformation.

Figures 8.21 to 8.24 are photographs of the steel samples used for stator simulation and
associated rotor shaft sections respectively. The surfaces appear less "smeared" and more
abraded than those for aluminum and brass presented in previous photographs. During rub
tests using the steel rub blocks with the steel rotor shaft, extreme, almost violent vibration,
was experienced given enough time (2-3 minutes). This violent vibration was similar in
nature to the rub phenomena known as "full annula_ rub." The violent vibration in this
specific test exhibited rotor shaft backwards precessional motion, similar to that during a
classical case of full annular rub. The apparatus used in these tests limited, however, the
rotor motion to the 180--degree surface of the stator-simulating rub block. Lack of the
restraint within the remaining 180-degree arc allows the shaft to vibrate freely with large
amplitudes. Full annular rub restrains rotor motion within a full 360 degrees, limiting,
therefore, the maximum vibration amplitude in the plane of rub to the available stator
(bearing or seal) clearance.

8.5.3 Conclusions From Material Property Experiments

The results from the rotor-to-stato'r material property rub tests indicate that rub surfaces,
as well as system vibrations, can vary based on the mechanical characteristics of the
associated materials. The softer, more ductile stator-simulating materials are "smeared"
during rub over the short period of time. Given longer periods of time, the
stator-simulating materials build up on the shaft, generating a more uniform, yet
roughened surface. The amount of material build-up during the rub process will, however,
also be a function of the affinity of one material to another, as in the case with dissimilar
materials, material temperatures, and rub contact normal forces.

The ductile stator-simulating materials may allow actual removal of material from the
area of rub, thus increasing rotor-to--stator clearances leading to an alleviation of the rub
condition, although perhaps only temporarily. Given enough time, the rub condition may
transfer sufficient material from the stator to the rotor, for the rub interface to no longer
act as that of dissimilar materials. This has a significant effect on the local coefficient of
friction.
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Inspection of the rotor on the BPFTP simulating rig after experiencing full annular mb
within the aluminum seal revealed a heavy aluminum deposits on the rotor shaft at the
contact surface. This deposit of aluminum on the steel rotor shaft is an example of
material transfer. The violent vibration experienced during the rotor-to-stator rub tests

on the two-mode rotor rig, as well as during previous tests with the HPFTP simulating

rotor rig, led-to similar, significant damage of the seal.

8.6

In this chapter the results of surface effects of rotor-to-stator rub were investigated. The

specially designed fixture provided the values of the dry friction coefficients for materials
used _r the stator and rotor. The metallographic analysis of the rotor and stator surfaces.
after 15 seconds and 60 seconds of rotor-to-stator rubbing brought an.insight on the effect

of the dissimilarity of the rotor and statoz initial surface finish on the rub-related damage.
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FIGURE 8.2 2024 ALUMINUM, AS MACHINED SURFACE FINISH MAGNIFIED

200 TIMES. PHOTO # 59737.

FIGURE 8.3 2024 ALUMINUM, POLISHED SURFACE FINISH MAGNIFIED 200

TIMES. PHOTO # 57273.
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FIGURE 8.4 BRASS, AS MACHINED SURFACE FINISH MAGNIFIED 200 TIMES
(FREE CUTTING, COLD DRAWN). PHOTO # 59748.

FIGURE 8.5 BRASS, POLISHED SURFACE FINISH MAGNIFIED 200 TIMES.

(FREE CUTTING, COLD DRAWN). PHOTO # 59749. }
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FIGURE 8.6 4140 STEEZ, AS MACHINED SURFACE FINISH MAGNIFIED 200
TIMES. PHOTO # 59743.

FIGUR.E 8.7 4140 STEEL, POLISHED SURFACE FINISH HAGNIFIED 200
TIMES. PHOTO # 59753.
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FIGURE 8.13 2024 ALUMINUM, STATOR--SIMULATING RUB SURFACE AFTER
15 SECONDS OF RUB AGAINST THE STEEL SHAFT.

MAGNIFICATION 50 TIMES. PHOTO # 50017.

FIGURE 8.14 STEEL ROTOR SHAFT SURFACE AFTER 15 SECONDS OF RUB
AGAINST ALUMINUM STATOR. MAGNIFICATION 50 TIMES.
PHOTO # 50018.
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FIGURE 8.15 2024 ALUMINUM, STATOR-SIMULATING RUB SURFACE AFTER
60 SECONDS OF RUB AGAINST THE STEEL SHAFT.
MAGNIFICATION: 50 TIMES. PHOTO # 50019.

FIGUR_8._6 STEELROTORSHAFTSU_ACEAFTER_0S_.CO_DSOF_UB .,
AGAINST ALUMINUM STATOR. MAGNIFICATION: 50 TIMES. ||

PHOTO # 50021. '||
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FIGURE 8.17 BRASS (FM), STATOR-SIMULATING RUB SURFACE AFTER 15
SECONDS" OF RUB AGAINST THE STEEL SHAFT.
MAGNIFICATION: 50 TIMES. PHOTO # 52053.

FI GDIT_E 8.18 STEEL ROTOR SHAFT SURFACE AFTER 15 SECONDS OF RUB
AGAINST BRASS STATOR. MAGNIFICATION: 50 TIMES.
PHOTO # 52055.

l
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FIGURE 8.19 BRASS (FM), STATOR-SIMULATING RUB SURFACE AFTER 60
SECONDS OF RUB AGAINST THE STEEL SHAFT.

MAGNIFICATION: 50 TIMES. PHOTO # 52056.

_

L

FIGURE 8.20 STEEL ROTOR SHAFT SURFACE AFTER 60 SECONDS OF RUB
AGAINST BRASS STATOR. MAGNIFICATION: 50 TIMES.
PHOTO # 52057.
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FIGURE 8.21 4140 STEEL, STATOR-SIMULATING RUB SURFACE AFTER 15
SECONDS OF RUB AGAINST THE STEEL SHAFT. MAGNIFICA-

TION: 50 TIMES. PHOTO # 50046.

FIGURE 8,22 STEEL ROTOR SHAFT SURFACE AFTER 15 SECONDS OF RUB
AGAINST STEEL STATOR. MAGNIFICATION: 50 TIMES.

PHOTO # 52049.
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FIGURE 8.23 4140 STEEL, STATOR-SIMULATING RUB SURFACE AFTER 60
SECONDS OF RUB AGAINST THE STEEL SHAFT. MAGNI_'ICA-
TION: 50 TIMES. PHOTO # 52050.

ma

FIGURE 8.24 STEEL ROTOR SHAFT SURFACE AFTER 60 SECONDS OF RUB
AGAINST STEEL STATOR. MAGNIFICATION: 50 TIMES.
PHOTO # 52051.
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FIGURE 8.25 ALUMINUM RUB BLOCK AND CORRESPONDING SHAFT
SECTION AFTER 15 SECONDS OF ROTOR-TO-$TATOR
RUBBING AT I000 RPM. ARROWS INDICATE SURFACE
DEFORMATION AND MATEPHAL DEPOSIT ON STATOR
SIMULATING RUB BLOCK AND SHAFT SECTION RESPECT-
IVELY. MICROPHOTOGRAPHS IN FIGURES 8.13 AND 8.14
SHOW THE DAMAGED SURFACES.

FIGURE 8.26 ALUMINUM RUB BLOCK AND CORRESPONDING SHAFT
SECTION AFTER 60 SECONDS OF ROTOR-TO-STATOR
RUBBING AT I000 RPM. ARROWS INDICATE SURFACE
DEFORMATION AND MATERIAL DEPOSIT ON STATOR
SIMULATING RUB BLOCK A]';D SHAFT SECTION RESPECT-
IVELY. MICROPHOTOGRAPHS IN FIGURES 8.15 AND 8.16
SHOW THE DAMAGED SURFACES.

140
@

ORIGINAL PAGE

BLACK AND WHITE PHOTOGRAPN
,j!

'9!



FIGURE 8.27 STEEL RUB BLOCK AND CORRESPONDING SHAFT SECTION

AFTER 15 SECONDS OF ROTOR-TO-STATOI% CONTACT.

ARROWS INDICATE SURFACE DEFORMATION AND MATERIAL

DEPOSIT ON STATOR SIMULATING RUB BLOCK AND SHAFT

SECTION RESPECTIVELY. MICROPHOTOGRAPHS IN FIGURES

8.21 AND 8.22 SHOW THE. DAMAGED SURFACES.

FIGURE 8.28 STEEL RUB BLOCK AND CORRESPONDING SHAFT SECTION

AFTER 60 SECONDS OF ROTOR-TO-STATOR RUBBING AT I000

RPM. ARROWS INDICATE SURFACE DEFORMATION AND
MATERIAL DEPOSIT ON STATOR SIMULATING RUB BLOCK
AND SHAFT SECTION RESPECTIVELY. MICROPHOTOGRAPHS

IN FIGURES 8.23 AND 8.24 SHOW THE DAMAGED SURFACES.
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FIGURE 8.29 BRASS RUB BLOCK AND CORRESPONDING SHAFT SECTION
AFTER 15 SECONDS OF ROTOR-TO-STATOR RUBBING AT I000
RPM. ARROWS INDICATE SURFACE DEFORMATION AND
MATERIAL DEPOSIT ON STATOR SIMULATING RUB BLOCK
AND SHAFT SECTION RESPECTIVELY. MICROPHOTOGRAPHS
IN FIGURES 8.17AND 8.1.8SHOW THE DAMAGED SURFACES.

t

FIGCRE 8.3O BRASS RUB BLOCK AND CORRESPONDING SHAFT SECTION
AFTER 60 SECONDS OF ROTOR-TO-STATOR RUBBING AT 1000
RPM. ARROWS INDICATE SURFACE DEFORMATION AND
MATERIAL DEPOSIT ON STATOR SIMULATING RUB BLOCK
AND SHAFT SECTION RESPECTIVELY. MICROPHOTOGRAPHS
IN FIGURES 8.19AND 8.20SHOW THE DAMAGED SURFACES.
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9. TWO-BENDING-MODE RUBBING ROTOR RIG AND IDENTIFICATION OF
ITS DYNAMIC CHARACTERISTICS.

9.1 Objective

The complexity of the HPFTP-simulating rubbing rotor rig and involvement of many
difficult-to-identify factors during experimental testing would prevent correct
interpretation of the rub data. More generic study on rotor-to-stator rubs performed at a
simpler rotor rig became a necessary prerequisite before the experimental testing of rubbing
rotor on the HPFTP simulating rotor rig.

The results provide the relationship between the rubbing rotor dynamic response and the
rotative speed, vibrational modes, rubbing material conditions, and stator compliance. It
also gives an insight on the appropriate use of vibration measuring instrumentation.

9.2 Two-Bending-Mode Rubbin_ Rotor Experimental Rig

The rub test fixture (Fig. 9.1) which simulates the stator/casing when used in conjunction
with the rotor system shown in Figures 9.2 and 9.3 allows the exploration of rotor response
to partial rub_ conditions. The fixture consists of a plunger supported m two linear
beatings allowing for plunger axial horizontal motion when the shaft contacts the rub
block. The rub block is mounted at the plunger end. The plunger is both positioned and
restrained axially by a set of compression springs located in t.he body of the fixture.
Adjustments to the spring assembly allow for axial position and spring preload adjustments
to be made independently of one another. In addition to the on-line adjustments for stator
modelling plunger positio_ and preload, the shaft/stator rub normal force may be varied by
replacing the compression springs with those of another stiffness value. There is an eddy.
current displacement probe mounted in the fixture to monitor the axial displacement of the
plunger. The provided i_formation, along with the spring stiffness, is used to determine
the normal force between the shaft and rub block during the contact period. The normal
force and the coefficient of friction between the shaft and rub block materials (determined
in Chapter 8) allow the tangential force to be calculated. Shaft lateral vibration signals
from X - Y proxinnty probes are collected at the rub fixture location and also at other
axial locations along the shaft (Fig. 9.2). A sample calibration characteristic for Bently
Nevada 3000 Series 190 transducer system is included in Figure 9.4. The curve indicates
the wide range of linear operation characteristic of this type of Proximitor/probe system.
The vibration information from the proximity probes is presented in shaft orbit or timebase
formats and eventually processed through filters and an FFT analyzer to determine the
frequency components co_tributin$ to the overall waveform. The information on lateral
vibration from different axial locations of the shaft can be correlated to provide rotor mode
shape. The tests were conducted with different rub blocks (made of different materials and
with different surface finish), variable plunger support stiffnesses, and at different rotative
speeds. The rotor-to-stator rubs can be initiated both by increasing the unbalance force
with a fixed shaft/rub block clearance and setting a constant unbalance and changing the
clearance by increasing the steady-state preload on the shaft. The results of the
rotor-to-stator partial rubbing tests are presented in Chapter 10.

Enhancements were added to the rig as deemed necessary, including: an electrical contact
device used to more accurately identify rub contact of the rotor and stator. Two high

i _"Partialrub" signifiesoccasionalrotor-to-statorcontact during rotor precessional !

motion. See definitionsin Chapters2 and 3.
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frequency accelerometers,one mounted on the plunger rub nlechanism,the other on the
rub fixturehousing,completed the vibrationmeasurement system.

Operation of the rotor rig required balancing and identification of the dynamic
characteristics. The identification procedure is described in Section 9.4.

After achieving the desired balance state of the rotor, a controlled unbalance was
• introduced at the inboard plane, this unbalance being used to obtain a required level of the
synchronous vibrations in order to initiate a rotor-to-etator rub.

o

J

9.2.1 High Fr_cluencyAccelerometer

Accelerometers are often used to provide information on the machine vibration level by
measuring it on the outside casing. They are also applied for modal testing techniques on
mechanical structures. Appropriate applica_ious of accelerometers are necessary to obtain
useful and interpretable vibration information. In particular, it is necessary, to take into
account that the accelerometers measure the casing vibrations, not the vibration main
source, namely rotor vibrations. Thus the casing transmissibility being a function of its
compliance plays a significant role in the results. In addition, the accelerometers do not
have enough sensitivity to detect low frequency components and, therefore, high amplitude
but low frequency, potentially destructive vibrations may not be apparent. On the other
hand, the accelerometers provide useful information when looking at of higher frequency
vibration components such as generated during rub. The amplitudes of higher frequency
components increase with the severity of rub. This justifies the use of accelerometers for
this application.

To detectand monitor the presenceof higher order frequencyvibrationcomponents, an
accelerometerhas been mounted in theplane ofplungermovement (horizontalplane).

A second accelerometer has been mounted on the rub fixture housing. Information
obtained from this location helps to detect the presence of vibrations transmitted to the
rotor zig base from other areas of the apparatus, i.e., (bearing supports, couplings, and
motor). Sensitivity/calibration information for the accelerometers used in the experiments
is presented in Figure 9.4a.

9.2.2 Rub-Related ElectricalContact Device

This device has been incorporated onto the rotor rig to more accurately identify a rub
condition. An extremely "light" rub may not be apparent by either vibration signals or a
significantly altered shaft orbit shape. A 1-volt-dc potential is placed across the rotor
shaft and rub block. The mechanical/electrical contact between the rotor shaft and rub
block provides a circuit that can be monitored via oscilloscope with continuity
position/timing correlated to the Keyphasor signal and plunger movement signal. This
information is necessary to constructively analyze rotor vibration data.

9.3 Resultsof $t_t0rCompliance Tests

The correctinterpretationof the rotor-to---statorrub dynamic data requiresthe knowledge
on the statorcompliance. The statictest was, therefore,performed to provide the
necessaryinformation. For a decreasingrub block plunger compliance (springpreload
increasing),a largernormal forceisnecessaryto overcome the springresistance,and thus
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produce movement. A graph of plunger force versus deflection for various sprin_ preloads
used in the experiments is presented in Figure 9.5. Tl_e spring stiffness is K - 107 lb/in.

For the used amounts of force the range of deflections proved to be linear.

9.4. Idcntificati0n Qf -_Qr l_i_ MQdal Parameters vi_ Synchronous Dv_namic Stiffness
Testin_

In order to identify dynamic paperers affecting the vibrational response_of the rotor rig,
the Synchronous Dynamic Stil_ess testing has been conducted. Developing the
identification technique for this relatively simple rig is necessary to aid in the identification
of more complex systems such as the HPFTP simulation rig. Dynamic Stiffness testing is a
technique used in Modal Analysis. It differs from the "Classical Modal Analysis" in the
sense that focus is placed on the active rotox system lowest modes. The lowest modes of
the system usually correspond to rotor modes, and are usually associated with high
amplitude deformation of the shaft. These modes are easily excited by the unbalance force

during start-ups and shutdowns, and are, therefore, of great interest.

Two approaches have been used to identify the rig synchronous modal parameters, namely

a first mode technique and a two-mode technique. Both techniques employ, a p_rt_bation
force to modify the dynamic equilibrium of the rotor system. The perturbation force, in
this case a known unbalance attached to the rotor, re_tdts in a rotor vibrational response

measured in the form of the shaft lateral displacements (perpendicular to the rotor axis).
This type of synchronous perturbation technique provides a circular rotating force with a
frequency equal to the shaft rotative speed. The resulting vibrational response filtered to
the rotative speed frequency component is, therefore, referred to as "synchronous"

vibration. Both tests lone- and two-mode identification) were run without
rotor-to-stator rubbing to identify the system's "normal operation" synchronous modal

parameters.

9.4.1 Mathematical Model of the Rotor at the First Lateral Mode

In mathematical modelling of the rotor fundamental synchronous response, the following

assumptions hold:

• Rotor firstlateralmode isconsidered only.

Rotative speed is constant (or it varies very slowly so that transientmotion can be

neglected).

Rotor/bearing/support system is linear (elasticforce is proportional to lateral

displacement, damping forceisproportional to lateralvelocity).

• Rotor/bearing/support system is laterally isotropic (has matched vertical and

horizontal characteristics).

• Rotor/.bearing/support system parameters are represented by generalized (modal)

mass (M), stiffness(K), a_d damping (D) for the firstlateral mode. (These
I, I! I, I! I!

parameters are sometimes called effective, i.e., effective mass, effective*
stiffness," etc., of the first lateral mode).

• External damping has viscous character and is small (lower than critical). Internal

damping isneg!ccted.
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• The steady-state response due to unbalance is considered only (transient free
motion is negl_ted).

The mathematical model represents the balance of forces acting on the rotor:

M_ + D_ + Kx = F cos (_t + d_)

M_ + Dy + Ky = F sin (_ + ¢),

Inertia Damping Elastic Exciting

Force + Force + Force = Force

(9.1)

d d (9.2)
dt 2

where x(t), y(t) describe motion of the rotor in two orthogonal lateraldirections

(conventionallyx - horizontal,y - vertical),t is time; _, _ axe velocities,_,
accelerations,t is time. Angle ¢ specifiesthe positionof unbalance in the chosen
coordinatesystem. In practicalapplicationsthiscoordinatesystem is correlatedto the
once--per-turnmarker, the Keyphasor® system. _ isrotorrotativespeed.

Eqs. (9.1),(9.2)can be conventionallytransformedintoone equationby usingthe complex
number formalism.

Let Eq. (9.2) be multiplied by j = _ and then added to Eq. (9.1).
complex variable

z(t) = x(t) + jy(t)

Eqs. (9.1) and (9.2) can be presented in the foUowing form:

M_ + D_ + Kz = Fe j(_+¢)

By introducinga

(9.3)

Eq. (9.3) represents the mathematical model of _ unbalanced symmetric rotor at its first
lateral mode. Note that there is no assumption on whether the rotor and supports axe
"rigid" (hard) or "flexible" (soft). The model is entirely adequate for either case.

9.4.2 Synchronous Response

The forcedsolutionof Eq. (9.3)yieldsthe rotorfundamental
the rotativespeed and unbalanceforcefrequencyw :

response,synchronous with

(pA)

Introducing(9.4)and itsderivativesinto Eq. (9.3)and eliminatingthe time-dependent

harmonic function,_M, the basicequationofthe rotorfundamental responseisobtained:
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(K-M_+jD_)A_" = Fe_ or _A_= Fe_ or

(,+ j_Q)A__- Fc_ (95) i:t

where K-M_+jD_ "_"= _ zs rotor Synchronous Complex Dynamic Stiffness (which is a

vector with the direct part _D--K-M_ and the quadrature part _Q=D_).

The resulting Eq. (9.5) represents the Basic Equation for the Rotor Fundamental
Synchronous Response. It contains three important components:

L

E
(i) Rotor Synchronous Complex Dynamic Stiffness = K - M_ + jDw (9.6)

with

Direct Synchronous Dynamic Stiffness = _D = K - M_ 2

and

(9.7)

Quadrature Synchronous Dynamic Stiffness = _Q = D_, (9.8)

(ii) Response Vector =Ae ja (9.9)

as a complex number, with real par_ "A cos a," imaginary part "A sin a," phase a
and length"A,"

(iii) Input Force Vector = Fe _.

From Eq. (9.5) the response vector and its amplitude and phase components can be
calculated:

K - M_ = + jD_

A = F (9.11)
_/(K - M_') _ + (Do;) =

a = _ + arctan ( --D_ ) (9.12)
"K_Mw2

where the last term in (9.12) represents the net phase angle between the force vector and
response vector.
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9.4.3 The First Mode Identification of Rotor Parameters Using Synchronous
Perturbation Testing

The flexible isotropic shaft carrying two disks and supported in relatively rigid isotropic
bearings of the two-mode rig was run with low acceleration up to the speed 2500 rpm.

After a preliminary balancing and achieving the satisfactory balance state of the .rotor, the
controlled unbalance of mr = 0.5 x 30.5 gram x nun was installed at ¢=180 angular
locationof the inboarddiskforthe firstrun and at¢=0' locationforthe second run. The
rotorwas equipped with one Keyphasom probe and twelve X-Y proximity probes at six
axiallocationsof the shaft, The data was stored from the verticalprobe only. The
horizontalprobe (X) si_._nalswere monitored on the oscilloscope.The informationserved
forchecldn_the lateralzsotropyofthe rotorsystem. The verticalprobe locatednext to the
inboard disi_providedthe data for the Dynamic Stiffnessidentification.The information
d_om remaining verticalprobes served forevaluationof the modal correctionfactor.The
ata acquisitionand processingsystem consistedof a vectortrackingfilter(Bently Nevada
CorporationDVF2) and the speciallydesigneddata acquisitionand processingsoftwarefor
HP.9836 computer. An oscilloscopeand a spectrum analyzercompleted the system, for
additionalreferencechecking.

For the above-mentioned two runs the filteredsynchronous lx responsevectorsAlejal ,

A2eja_ measured by the inboard verticalprobe were vectoriallysubtracted at each
frequency step in the entire range of rotative speed:

Ae ja = A_ejal - A_Ja_ (9.13)

This procedure eliminatesany residualsynchronous effectsfrom sourcesother than the
predeterminedcontrolledunbalance.

The data measured at the inboard and outboard locations are presented in Figs. 9.6, 9.7,
and 9.8.

The rotorsynchronousdynamic stiffness(DS) components were calculatedusingEq. (9.5)
as follows:

.mJ

= Complex D S = _ 2mr_el80j K - Mo:2 + jDc# (9.14)
AeJa =

= Direct DS = -_ _ cos _ = K - Ma_2 (9.15)

,_q= Quadrature DS = _ _ sina = D_# (9.16)

where _ is the modal correctionfactor,which takes into account the fact that the
controlledunbalance (perturbationforce)and the rotordisplacementmeasuring probes are
not at the same axiallocationsofthe rotor,and in particular,not at the anti-nodalpoint.
Using the informationfrom remaining probes,the modal correctionfactorwas estimated:
8= 0.94.
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From the rotor response data, the system synchronous dynamic stiffness is calculated for
each rotative speed step and presented in the forms of "direct" and "quadrature" stiffnesses
versus perturbation frequency, which in this case is the rotor operating speed. Figure 9.9
presents the raw data before the modal correction factor was introduced. According to
Eqs. (9.15) and _9.16), the Direct Dynamic Stiffness versus perturbation frequency is a
parabola where the intersection with the horizontal axis indicates the rotor system first

natural frequency (Fig. 9.9a). Direct dynamic stiffness may also be presented versus
perturbation frequency squared; this yields a straight-line relationship, the slope of ,he line
being equal to the rotor modal mass and point of intersection with the horizontal axis
indicating the modal stiffness/mass ratio (Fig. 9.9b). The modal stiffness can be read at
the intersection of the straight line with the vertical axis. The Quadrature Stiffness versus
perturbation frequency is a straight line relationship with the slope equal to the system
modal damping_ coefficient (Fig. 9.9c). Except the low rotative speed range, the measured
data was very close to analytically predicted.

From the Direct Dynamic Stiffness graph (Fig. 9.9b) the first mode stiffness and mass are
obtained. With the modal correction factor taken into account the identified values are

First Mode Synchronous Stiffness = K = 280 lb/in

First Mode Synchronous Hass = M = 0.01 lb secn_in

The naturalfrequencyof the system is_n = _ = q280/0.01= 167 rad/s = 1598 rpm,

which agreeswith the resonantfrequencyat which the peak amplitude offorcedvibration
occurs(Fig.9.7).

The Quadrature Dynamic Stiffnessdata (Fig. 9.9c)indicatesthe damping within the
system is extremely low, approaching the instrumentationnoise level. The dynamic
stiffnessmethod is,therefore,not the bestevaluationtechniqueforthiscase.Itispossible,
however, to calculatethe modal damping factorusingthe classicalHalf PoWer Bandwidth
method. The polar plot of the response (Fig. 9.6) directlyprovides the necessary
information. Specifically,threefrequenciesare required:"two of them, _x and _2,corre-
sponding to response vectorswith the responsephases (a- _))equal to --45and -135

degrees,and the third,the resonantfrequency(_#n)when the magnitude of the response
vectorisat a maximum.

The Half Power Bandwidth method providesthe modal damping factor_ by the following
equation:

= + o- 14W - o
'2_ n ' --¢.

(9.17)

The resultforthe firstmode modal damping factorisas follows(Fig.9.10):

= _ = 1630 - 1535
z_#n 2(1580) = .030 (9.18)

The calculationof the modal damping isthen quitesimple. The relationshipbetween the
modal damping D and the modal damping factor_ isasfollows:
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I) = 2(_"I_

I) = 2_'KW[ 4= 2_. 0.03 = 0.1 Ib-sec/in.

(9.19)

(9.20)

9.4.4 Mathematical Model oftheRotor With Two LateralModes

The mathematical model for two lateralmodes may be developed by extending the one
mode model. Included are the crosscoupled springand damping terms, as well as an
additionaltangentialforceactingat each mass ("cz0ss---coupled"effect)(Fig.9.11).

The setof equationsdescribingthe motion of a laterallyisotropicrotorin two orthogonal
lateraldirectionsareas follows:

MIxI+(D I+DI_)_:i-DI2x2+(KI+KI_)xr-K12xr--Ktiyi- FI cos(_+_bl)

_I+(DI+D1_)_I-D,d_+(Ki+K1,)y_-K_ _+Kt_i= FIsin(_+_1)

M_2+(D_+D21)_r-D21_z+(K2+K_1)xr-K21xI-Kt2Y_ = F2 cos(_+_b2)

(9.21)

Ji

M_+(D_+D_I)#r-D2_I+(K,+K,I)y2-K2ffI+Ktx2 = F, sin(_+_b_)

In Eqs. (9.21)MI, Ms aremodal masses ofthe rotor,KI, Ks, KI2=K21 are modal stiffnesses,

Dr, D2, DI_=D_I are modal viscousdamping coefficients,KtC Kt2 are tangentialforce

coefficients("crossstiffnesses"),FI,F2 are amplitudesof the unbalance perturbationforce,
_de_,_ are the unbalance angular positions,xl, x_, 71, Y_ are horizontaland vertical.
flectionsof two axialpositions("inboard"and "outboard")of the rotor.

Assuming isotropy(symmetry) withinthe system (equalstiffnessesand dampings in both

the x and y directions),,introduction of the complex variable j = _ allows
t_ansfo_mationof Eq. (9.21)into one equation for the motion of the shaftinboard and
outboard sections(planes#i and #2): .

M izz+(D i+D _)_.I-D 1_z_+ (K _+K 1_)z1-K 1_z_+jKtzl = F zej(_ +_ _)

M2z_+(D2+D _) _.2-1)21z I+(K2+Kn)z2"-K_IzI+JKt2z2 -- F 2_ ( _ q'_)

where

(_.22)

z1=x_ +jYl and z_=x_+jy_

Eqs. (9.22)representa model ofan unbalancedtwo-mass, two-mode rotor.

(9.23)
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9.4.5 Fozced Solution

The forced soh_ion for Eqs. (9.22) yi_ds the rotor syncl_onous response;

,1= A,J(_+°0
(9.2_)

where A1, A_, and at, a_ are response.vector magnitudes (amplitudes) and phase angles
respectively.

Introducing(9.23)and their,derivativesinto Eqs. (9.22),the complex algebraicequations
areobtained:

[(K t+ K m)-M t_2]A lej(wt + at) + j[ (Dr+ D l_)w-b Kt t]A lej( wt + at)_( K 12+ jD t2_)A _ej( _t + a,)=

=FI_(_+¢0
(9.24)

[(K2+K_t)-M2a_]A_vj(M+an)+j[cD2+D2*)_-Kt_A_ej(_t+a2)-(Kn*+jD2tw)A*ej(_+at)=
= F_i(_+¢_)

In Eqs. (9.24) there are the rotor complex dynamic stiffnesscomponents, including
"direct,""quadxatuze,"and "coupled"terms. These terms may be separatedas follows:

Rotor Synchronous Complex Dynamic Stiffnesscomponents:

- Sn[(K,+K12)-MIafl] + j[(Dt+DI2)w+Kt)

[(K2%K2_)-M_ufl] + j[(D_+D_t)w+Kt2 ]

(i)

- S_2

[(K2+K20- M2_;]

with Synchronons DirectDynamic Stiffnesses

[(E,+K_)-MI_ ,

and Synchrono_tsQuadrature Dynamic Stiffnesses

[(Dt+D*_)w+Kt,] ,

(ii)

[(Dg+D_t)w+Kt_

Synchronous Complex Coupled Dynamic Stiffnesses

(9.2_)

(9.26)

With thenotationintroducedin (9.25)and (9.26),Eqs. (9.24)willread as follows:
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il = = (9.27) i l

(9.2s) ii"i( Eqs. (9.27) and (9.28) are basic for the identification of dynamic stiffness cozhponents.

i Placing an.unbalance mass only at the inboard plane, as was the cas e for the first data run,
essentially sets equation (9.28) equal to zero (F2=0). Equations (9.27) and (9.28) will,

_| therefore, n_odel the response of the rotor at the plane #1 and #2 (inboard and outboar d
_ planes) due to a perturbation force only at plane _1.. Using equations (9.27) and (9.28)
I again, the same methodology also holds true for an unbalance m_s placed only in plane _2.

(outboard plane), this time setting equation (9.27) equal to zero (FI=0), as was the case for
r the second data wu. This teclmique generates four equations, two for each data run, Since
. Fb F2 (_1, _)2 are known and A.I, A2) _1, cf2 are meas_ed, solving for the four unknowns $11,

$1_) S_1, S2_ (complex dynamic stiffness components) is then possible.

Equations (9.27) and (9.28) may also be solved in terms of response vectors for a single
data run) i.e.)for instance) when F2=0:

AIejal Fje S_
= (,s22s_r-s_2s20 '

(9.29)

• F_e'_ i S21
A2 ej_= _S 22S11..$i_$'21_

For the identificationpurpose,however, Eqs. (9.27)and (9.28)are solved in terms of
dynamic stiffnesses.The firstrun with forceat plane #I provides

S11A'leJatl - S1=A=IJa2t= F1eJd/)l (9.30)

S22A21Ja21-S_A_e_a"= 0

The second run with force, at plane #2 provides

S 11A 12_ _12 - S 12A22_ ,_22 _- 0

S_A_Ja_ - S_AI_Ja_= _,_
(9,s_)

The time--dependentexponentialfunctionej_twas eliminatedfrom Eqs. (9.27)and (9.28).

The second subscriptof amplitudesand phasesin Eqs. (9.30)and (9.31)correspondsto the
run number. From Eqs. (9.30)and (9.31)the dynamic stiffuessesare calculated:
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A  e]e IA  e - A 2e.]al A21eJa 21 

S12 = - F!eJ_iA! _ejal_
, e | .

A11eJ_11A_e J_2_ -- A l_e.]_12A_l e3a21

F2eJ _b_A21eJC_n

F eJ_A ..Jell
$22 : 2 1_.l_- . .

A11eJa11A22eja22 -- A 1_eJa_A_ a_
(9.re)

I

The data acquisitionand processingsoftwareuses Eqs. (9.32)to (9.35)to calculatethe
rotor Synchronous Dynamic Stiffnesscomponents at each frequency step within the
two-mode range of the rotativespeeds. The resultsof the two-mode identifcationtests
arepresentedin the next section.

9.4.6 Two-Mode Identification of Rotor Parameters Using Synchronous
Perturbation Testing

The same rotorrigas describedin Section9.4.3and used forone---modeidentificationwas
now a subjectoftwo--mode identification.The controlledunbalance mr = 30.5gram x mm
was installedfirstin the inboard disk,then in the outboard disk. The measurements were
recordedeach time at the inboardand outboard verticallocations.

The operatingspeed range _oz the two-mode identificationran _om 275 rpm (slow roll
speed)to approximately13000rpm. The method used to calculatethe two---modedynamic
stiffnessrequirestwo sets of data, one from each rotor disk. This provides enough
informationto calculatethe unknown dynamic stiffnesses,includingthe coupledterms. A
controlledunbalance mass was placed firstin the inboard rotor disk. Again vector
subtractionoftwo controlleddata runs with unbalance at 180" and then at 0" was used to

eliminateany unwanted synchronous effectsfrom sourcesother than the predetermined,
controlledunbalance. With data recorded _rom the initialruns (Figs.9.12,9.13),the
unbalance mass was then moved to the outboard disk,and the same procedurerepeated
(Figs.9.14 and 9.15). Results were vectoria_lysubtracted(Figs.9.16 and 9.17) and
eventuallypresentedin the conventional"direct"and "quadrature||format of Dynamic
StiffnessusingEqs. (9.32)to (9.35).(Fig.9.18).The coupledterms (KI_,K_, D_, D2 0 are
presentedindependently(Fig.9.19). (From the computer subroutine,they appear with
conye_tionalnegative signs). The Direct Dynamic Stiffnesscomponents are presented
versus rotativespeed squared. The remainin_ components are presentedversus relative
speed.

The valuesof damping coef_cientsDI, D_, Dm and D_ and cross--coupledstiffnessesKt_,

Kt_ identifiedfrom the correspondingdynamic stiffnessgraphs were extremely small and

fallintothe instrumentationnoiselevel.Similarlyto the firstmode damping factor(Eq.
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9.17),the modal damping factor elifor the second mode may be calculatedapplyingthe

Half Power Bandwidth method using the polar plot (Fig.9.20). The resultsfrom the
second mode polar"circle"are asfollows:

From directdynamic stiffness.andcoupleddynamic stiffnessgraphs,the modal masses and
stiffnessesareobtained:

DirectStiffnesses K I + Kn = 500 Ib/in
K_ + K_I = 5{}0 Ib/in

..%

, t

i ,

Coupled Stiffnesses

Modal masses

K12 = 375 Ib/in thus

K21 = 375 Ib/iu

M1 = .0045Ibsec2/in

M2 = .0045Ibsec2/in

KI - 125 Ib/in (9.36)

K_ = 125 Ib/in

The natural frequencies of the system are as follows:

K2+K2_, _ fKI'bK12 K_+K21_
2M 2 _ [ 2M1 -- 2M_J

(9.37)

Taking theidentifiedvalues(9.36)intoconsiderationEq. (9.37)yields

Wnl = 167 rad/s = 1591 rpm

Wn2 = 441 rad/s = 4211 rpm

(9.38)

These values agree with the system resonant frequencies at which the peak amplitudes of
forced vibration occur (Fig. 9.17). Note that modal masses and modal stiffnesses identified
using the first-mode method and the two-mode method differ. The first mode modal mass
and stiffness for the identified values (9.36) is:

M - MI+¢t2M2 - o.oo45(1+¢12)

K - K_+Ktz-2KI_CI+(K2+K21)¢,_ = 500 - 7S0¢_+ 500¢t2
(9.39)

where ¢I isthe modal function.Assuming ¢i = I,as the system isnearlysymmetric, Eqs.
(9.39)yield
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M = 0.009 Ib sec2/in

K = 250 Iblin

Comparing with the values identified by the first mode method (Section 9.4.3), there is
about 10% discrepancy. This is due to the fact that modal functions were not precisely
identified.

9.5 Summary

In this chapter the description of the two-bending mode rubbing rotor rig is given. In
order to effectively run the rub testing and correctly interpret the results, the identification
of the rig dynamic stiffness characteristics was necessary. The Syncl_onous Dynamic
Stiffness Perturbation Method was used for this purpose.

The data and methodology presented for the first mode identification of the system
dynamic stiffness yields rotor parameters for one mode. This first mode approach is
limited; however, it provides a method which may be extended to more complex systems.
The two-mode technique considers the coupling effects within a system having two
complex degrees of freedom, and provides identification of the system parameters for two
coupled modes. In either case, the knowledge of the dynamic stiffness parameters of a
"normally" operating mechanical system is essential for efficient analysis and prediction of
the system dynamic-responses.._ "active" structure (which is characterized by existence
of internal energy, such as rotational energy) clearly has different mechanical
characteristics than the "passive" structure. As in the case of the HPFTP, shaft rotational
energy has a significant influence on rotor dynamic characteristics. In particular, rotating
shaft natural frequencies differ from nonrotating shaft natural frequencies. Identification of
parameters affected by fluid dynamic interaction within bearings/seals may also be
accomplished using the Dynamic Stiffness Methodology and, in .particular, the
Nonsynchronous Perturbation Technique. It is appropriate to conclude that further
analysis of the HPFTP utilizing this methodology would, be quite useful.
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DEFLECTION - INCHES

D.. i'
j_

I

FIGURE 9.5 STATOR COMPLIANCE TEST RESULTS•
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• _ . "• • ,

#

,tq;l + "_

r++i " :
-- + I I - I

," ++
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RUN 2 -" UNBALANCE: •S GRAMS, 0 DEGREES RADIUS, = I.Z IN, INBOARD.
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• " - ': ?'"
I t -t lilt. i I - / I
• • - I FIIIi - • I •

.. .;, _, p"*_° ,¢" ,,+ -- •

, ....: -.. ,'. "",.F_++.',, .... l:i

• ' / .",.,.t.,_.' ... _. t...:

/

mum l,oltvlm.o .

\-., X ....... l ..............
• + • .o ,

% I

.... n, ....... I...... ! ......... "/' .....
• ._ _' .t 1: •

" : \'i _ +I'_,.,," :
• ' " _, . ,,I::,'!.:. :.. :X. • :

.. .... :..... .,L:_._ ;;,l'L ,": - '": : \" '."
., .'" ,, ,,"PPF¢ .; _.,.o

• ' ': _q'"_" _ ; /"
_ i "_._,. i --_ / '

• - !',/ 1._.',;,'.t,,': "t. /
: ......:,.. ,":".,._'_",. ,': / "

,,, . ] , | _mllrv-- . ,,_

• / _, l ._' \...." .. ., I , I. , _. ....... "_..'.

/ RUN 3 -- VECTOR SUBTRACTZON OF RUN _ -- RUN 2, EFFECTZVE UNBALANCE: , \
1 GRAM, 180 OEGREES, RADIUS = 1.2 IN, INBOARD. _ \

...... 'i''
mv_p_s+uoc_nx_. _e • Icy m_xvuot rex.. pp _ _o_

FIGURE 9.6 POLAR PLOTS OF ROTOR SYNCHRONOUS EESPONSE TO THE

CORRESPONDING CONTROLLED UNBALANCE COVERING THE
FIRST LATERAL MODE•
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BOD_.PLOTSOF ROTO_LSYNCHRONOUSRESPONSETO THE
COZL_ESPONDZN_CONTROLLEDUNBALANCE FOX FIRST
_.ATERAT._ODE .(_NBOAP_ DISK ONLY). RUN Z
UNBALANCE: .G _]RAMS, 180 DEGREES, RADIUS = Z.2 IN,
INBOARD. RUN 2 -- UNBALANCE: .5 GRAMS, 0 DEGREES
KADIUS, - 1.2 IN, INBOARD. RUN 3 M _,CTOR SUBTRACTION
OF RUN 1 MINUS RUN 2, EFFECTIVE UNBALANCE: 1 GRAM,
180 DEGREES, RADIUS = 1.2 IN, INBOAI_.D.
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BOD]_ PLOTS OF ROTOR SYNCHRONOUS RESPONSE TO THE
CORRESPONDING CONTROLLED UNBALANCE FOB. FIB.ST
LATERAL MODE (OUTBOAB.D DISK ONLY). I_.UN 1 --
UNBALANCE: .5 GRAMS, 180 DEGREES, RADIUS = .1.2 IN,
INBOARD. RUN 2 -- UNBALANCE: .5 GRAMS, 0 DEGREES
P_DIUS, = 1.2 IN, INBOARD. RUN 3 -- VECTOR SUBTRACTION
OF B.UN ! -- RUN 2, EFFECTIVE UNBALANCE: 1 GB.AM, 180
DEGREES, RADIUS - 1.2 IN, INBOAB.D.
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FIGURE 9.9 ROTOR DYNAMIC STIFFNESS COMPONENTS FOR FIRST
LATERAL MODE, CALCULATED USING EQS. (9.15) AND (9.16)
(EFFECTIVE UNSALANCE:  RAM, DEGREES,RADIUS =
1.2IN, INBOARD).
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RUN I -- UNBALANCE: ,S GRAHS, 180 DEGREES, RAOIU$ : 1.2 IN, INBOARD.
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RUt# | t OUT|MO
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._'_ \ • . , ./

*'I , _ /: .'''

",, \ A_-_._._ _o •_s_ . "_,._* .... • .
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RUH Z -- UNBALANCE: .§ GRAMS,0 DEGREESRADIUS.• 1.2 IN, INBOARD.

FIGURE 9.12 POLAR PLOTS OF ROTOR SYNCHRONOUS RESPONSE AT THE

INBOARD ((a AND c)) AND OUTBOARD ((b AND (d

TTTE INBOARD PLANE AT 180' ((a) AND (b)) AND 0* ((c) AND
(_)).
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FIGIJRE 9.14 POLAR PLOTS OF ROTOR SYNCHRONOUS RESPONSE AT THE

INBOARD ((a AND c)) AND OUTBOARD ((b AND (d)
LOCATIONS _HEN TH_ CONTROLLED [,TNBALA_CE WAS [_

THE OUTBOARD PLANE 180" ((a,)AND (b)) AND O" ((c) AND

(d)).
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BOD]_ PLOTS OF ROTOR SYNCHRONOUS RESPONSE AT THE

INBOARD ((a AND (c) AND OUTBOAKD (b) AND (d)

THE OUTBOARD PLANE 180" ((a) AND (b)) AND O" ((c) AND

(d)).
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10. RESULTS OF PARTIAL RO_OR-TO-STATOR RUB EXPERIMENTS ON
TWO-MODE ROTOR RIG.

10.1 Introduq_i_n

Partial rotor-to--stator rub is the condition when the rotor occasionally touches the stator
during its precessional (orbital) motion and maintains contact with the stator for a short
time, a fraction of the precessional period. The partial rotor-to--stator rub conditions
usually occur when the rotor vibrates (precesses) around an eccentric position within the
rotor/stator clearance, and the vibration amplitudes are high enough to exceed the
available clearance. Described in Chapter 9, the two-mode rotor rig with the adjustable
stiffness plunger mechanism simulating the stator is used to generate the rotor-to--stator
partial rub. In the test there was no radial force applied to the shaft. Rubbing occurred
due to rotor unbalance-related high amplitude vibrations around the neutral centerline.

10.2 Test Pr0qCdure

J

t

The descriptior of the rig is given in Section 9.2. Using the controlled
unbalance-generated rotating force introduced at the inboard plane to achieve the required
level of the synchronous vibrations in order to initiate a rotor-to---stator rub, both
transient (during start-ups and shutdowns) and steady-state data (at constant rotative
speed) have been acquired through noncontacting proximity probes and accelerometers. In

this Chapter the transient data (run-up) are presented in polar, Bod_, and spectral formats
(cascade plots). Steady-state data are pres..nted in orbit and timebase formats. Both
transient as well as steady-state data have been captured using a variety of plunger spring
preloads, i.e., for various stator/casing compliances. Operating speeds (for data recording)
range from 300 to 10,000 rpm, running well above the second balance resonance speed for
this rotor rig in its present configuration (Fig. 9.2).

10.3 No-Rub Test

For this test the rub block was removed from the rig. The rotor was then run, and it
exhibited a corsi_ierable amount of unbalance. The balancing procedure was then
performed. Transient data representing both unbalanced and balanced states is presented
in Figs. 10.1 to 10.2:'. This data clearly shows the first and second balance resonances
which occur at about 1600 and 4300 rpm respectively.

Spectrum Cascade plots indicate dominance of synchronous (Ix)component typically
generated by unbalance forces. Accelerometer data indicated tti lae ck of lower frequency
components (below 250 Hz) with maximum amplitudes for higher order harmonic
components (in the range from 250 Hz to 1 KHz) being only .42 g's for both balanced and
unbalanced states. Such small amplitudes provide little information as the accelerometer
signal levels fall within noise levels.

10.4 Results From l_b Tests

The controlled unbalance weight to generate rotor-to-stator _ub was located in the
inbo_,rd disk. Its amount was 0.48 grams at 0 degrees related to the Keyphasor® notch.
The slow roll amplitude was maintained less than .5 mils at all times. This means that the
shaft was maintained straight (not bent) and other mechanical and electrical glitches
minimized. For the series of data presented in this chapter, all runs were with the
unbalance located at the inboard plane.
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The aluminum rub block was installed on the rig. A_ example of the shaft vibrational,
orbital (precessional) motion due to rub against the rub block is shown in Figure 10.22.
Note that the orbit in this figure is magnified, while the rub block and the shaft sizes are
reduced, so the picture represents the shaft actual behavior in qualitative terms only. The

orbit very clearly indicates the rebounding effect of the rotor shaft caused by the rub.

The plunger preload was varied fzom zero through 3.34 lbs. and 6.68 lbs. to 10.03 lbs. The
test parameters are given in Table 10.1.

TABLE 10.1 Partial Rub Test Parameters

Plunger
Preload

Force [lbs]

0

3.34

6.68

10.03

l_tative

Speeds for
Steady-State

Data [rpm]

1600
3866

1573
1603

1915
3919
5652

1565
1614
1936
3924
5211
5637 '

7037

1581
1613
1930
3989
5836

Data Presented

in Figures

10.23 to 10.28 "

10.29 to 10.41
and

10.74 to 10.77

i

10.42 to 10.59
and
10.78 to 10.83

10.60 to 10.73

Transient rub data from displacement probes show the presence of both subsynchronous
and supersynchronous vibration components. The spectrum cascade plots of the

displacement probe signals indicate high amplitude subsynchronous components with

frequencies I/2x, I/3x, and I/4x rotative speed with significantlyhi'gh amplitudes at

rotative speeds equal a multiple of the firstbalance resonance speed (Figs. 10.23, 10.29,

10.30,10.42, 10.43,10.60,and 10.61). Data from the horizontal accelerometer mounted on

the plunger shows highly defined,well ordered higher harmonic components. However, the

prevalence of these components diminish with increasing preload (simulating a decreasing

stator compliance) of the plunger mechanism (Figs. 10.24, 10.31, 10.44, 10.45, 10.62, and

lO.63).
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Plunger movement caused by a rub is monitored via a displacement probe mounted axially
at the far end of the rub fixture. Plunger movement data is presented with data from the
electrical contact device (Figs. 10.26, 10.28, I0.33, 10.35, 10.37, 10.39, 10.41, 10.47, 10.49,
10.51, 10.53, 10.,55, 10.57, 10.59, 10.65, 10.67, 10.69, 10.71, and 10.73). This provides a
correlation between the onset of rub and actual plunger movement. As previously
mentioned, the rub does not necessitate plunger movement. Only when the horizontal
component (parallel with the plunger axis) of the rub force exceeds the plunger preload will
movement occur.

hen the stator compliance is large, the plunger shows significant motion during rub
gs.10.26,10.28).This motion graduallydecreaseswith increasingstatorstiffness(Figs.

10.39,10.41,10.55,10.57,and 10.73). When the statorstiffnessishigh enough, and the
rotor-to-statorrub normal force is relativelysmall,the plunger does not move (Figs.
10.33,t0.35,10.37,10.47,10.49,10.51,10.53,10.59,10.65,10.67,10.69,and 10.71). This
indicatesthat in thesecasesthe horizontalcomponent of the rotor/statornormal forceis
lowerthan the correspondingplungerpreloadforce.

The contact device provides the indication whether and when in the vibrational per/od the
physical contact of the roter-to-stator occurs. It indicates that sometimes the rotor rubs
only once per precessional period (Figs. 10.26, 10.28, 10.37, 10.39, 10.51, 10.53, 10.65, 10.69
for Ix rub, Figs. 10.41 and 10.71 for 1/2x rub, Figs. 10.55 and 10.73 for 1/3× rub, and Fig.
10.57 for 1/4x rub). Sometimes the rotor rubs twice (Figs. 10.35, 10.47, 10.67) oz three
times (Fig. 10.49) per precessional period. Sometimes the rubbing contact is quite irregular
(Fig.10.33).

Steady--statedata from the rubbing rotorpresentedin orbit/timebaseformats alsoindicate
the presenceof both subsynchronous and supersynchronousvibrationcomponents (Figs.
10.25,10.27,10.32,10.34,10.36,10.38,10.40,10.46,10.48,10.50,10.52,10.54,10.56,10.58,

10.64,10.66,10.68,10.70,and 10.72). The statorcompliance has an effecton the rotor
.esponseorbitalmotion (compare Figs.10.25,10.34,and 10.66;Figs.10.27,10.38,10.52,
and 10.70;Figs.10.36,10.50,and 10.68;Figs.10.40and 10.72).To betterrepresentthe
relationshipbetween rub and the shaftmotion, orbitplotsat the locationof rub from a
varietyofrub casescan be overlayedwith a sketchof the rub blocksurface(Figs.10.74to
10.83).

From the rub data presented, it becomes apparent that the actual rotative speed and the
casing/stator simulating plunger rub mechanism compliance play a significant role in the
rotor vibrational response. Figure 10.84 presents a summarizing table of rotor orbits for
several rotative speeds and several values of stator compliance.

10.5 Results Obtained From Disulacem_nt Pr0be_ Versu_ R_sults Obtained From
Accelerometers

With less preload on the plunger mechanism (higher casing/statorcompliance),
accelerometerdata from the plunger indicatessignificantexcitationof higher frequency
components (from 5 Kcpm to 15 Kcpm, i.e.,83.3-250 Hz), with displacement probes
showing only a short period of 1/2x vibration. As plunger compliance decreases,
accelerometerdata indicatesdecreasingexcitationof higher frequency components while
displacementprobes show greaterexcitationof subsynchronousvibrationcomponents (i.e.,

1/4x, 1/3x, 1/2x). Accelerometers measure casing vibrations transmitted from the rotor,
while displacement probes measure rotor vibrationsdirectlyat the source. Relatively
speaking,lower frequencyvibrationscorrespondto largedisplacements.As plunger
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reload and stiffness increases, its displacement range must "decrease, provided external
rces remain constant. This results in the progressive lack of lower frequency components

in the accelerometer readings. The accelerometer, through the casing, measures the
indirect vibrations transmitted from its source, i.e., from the rotor through the casing. The
accelerometer reading is also significantly affected by the casing transmissibility: in

general a soft casing would transmit higher level of vibration; a rigid casing would exhibit
omy. very low level. The transmissibility is also a function of casing geometry. In practical
application of accelerometer casing measurements this fact should be taken into
consideration. Since the casing transmissibility is generally not known, a caution should be
applied if the accelerometer measurements do not indicate any vibrations. It is well known
that accelerometers are sensitive to higher frequency vibrations, as the acceleration
amplitudes are proportional to frequency squared, thus become significantly magnified in
high frequency range. Accelerometers are practically useless in low frequency vibration
measurements. Low frequency acceleration amplitudes usually do not exceed accelerometer
sensitivity level. The proximity probes measuring rotor displacement relative to the stator
are the mo_t convenient transducers for rotating machines. They not only measure the

direct source of machine vibrations._ i.e., the rotor actual motion, but also they are sensitive
in low frequency range of vibration (includingrotor static .position). The rotor low
frequency vibrations (especially those in subsyncluonous region) usually exhibit the highest
amplitudes, and they are the most dangerous for the machine integrity.

The successively increasing amplitudes of subsynchronous vibrations from about 1.5 to 2.5

pp mils at -4000 rpm (Figs. 10.23 and 10.61), as indicated by the displacement probes are
correlated to increasing plunger preload. The increase in plunger preload effectively
increases the stator/casing rigidity and the coefficient of restitution, thus the velocity of
the rotor shaft after impact, and resultant displacement are accordingly higher.

10.6 Investigation of Multiple Partial Rub With Full 380 Degree Rub Fixture

_ |

J

The two-mode rubbing rotor rig assembled to aid in the study of rub incorporated a half
cylinder rub fixture described in Chapter 9, (Fig. 9.1). It limited the occurrence of rub to a

180 degree surface while allowing motion of the plunger mechanism, simulating the casing_
only along a horizontal axis.

To help further investigate the phenomena of rub, as they occur in seals of the HPFTP
simulation rig, a prototype rub fixture was b_ilt. This rub fixture is referred to as the "360

degree rub fixture". The 360 degree rub fixture incorporates a ring suspended by four
tension springs, allowing for its motion in the X-Y plane and its steady state position to be
adjustable. This feature may be used to simulate misaligument or rotor shaft preload.
Both rotor shaft and fixture ring X-Y motion are monitored via displacement probes. A

sketch of the 360 degree rub fixture is given in figure 10.85. The rotor rig test system with
the 360 degree rub fixture are given in Figure 10.86.

As expected, initial testing of the rubb._Jg rotor response provided different results from

those obtained while using the 180 degree type rub fixture.. The full 360 degree restraint of
the rotor shaft provides a very significant rebounding effect. Initiated due to unbalance,
the rub-related orbit represents a "star-like" motion shown in Figure 10.87 (a). The

strong subsynchronous backward component indicated in Figure ]0.87 (b) is due to
excitation of the system first balance resonance, (28 Hz = 1680 RPM), slightly above that
of the system first balance resonance without rub, (26.33 Hz = 1580 RPM). The rub
coupling of the rotor and stator modifies the system stiffne,_'s, increasing it slightly, thus
causing the higher first balance resonance. The occurrence of this "star-like" orbit

represents a potentially destructive phenomenon by introducing large amplitude backward
components in the rotor response.
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After preliminary testing this series of experiments was however discontinued, due to lack
of time.

10.7 Summary

The results of partial rotor-to-stator rubbing experiments performed on the two-mode
rotor rig are presented in this chapter. For four values of the stator stiffness simulated by
the plunger preload, the general features of the obtained results, can be summarized as
follows:

• Rotor-to-stator partial rub causes significant, changes in rotor vibration responses
in frequency_content, in amplitudes and orbital shapes of the rotor motion.

• The light partial rub causes a steady-_tate rotor response which can be maintained
during a considerable, but limited, time.

• When the rotor rotative speed is lower than twice first balance resonance speed
(first natural frequency of the rotor bending mode), then the lowest component in
the rotor vibration spectrum is ix synchronous vibration. When the rotative speed

is equal, to or higher than twice first balance resonance speed. (_r), the

subsynchronous components appear in the vibrational spectrum: In the range
2_r< w< 3_rthe 1/2x vibration components axe generated. In the range

3_ r < w < 4_ r the 1/3x vibration components axe generated.. This rule also extends

for higher rotative speeds.

• When the rub conditions change ifor instance, due to surface wear), the partial rub
may stop, and with a transient response, the rotor comes back to the original lx
response due to the residual unbalance. This transient response has the frequency
equal to the first natural frequency of the rotor. Due to uneven wear of the surfaces,
the transient responses may appear occasionally in the vibrational spectrum.

!

Since the stator was simulated by a half of a ring, the partial rub occurred at either
one spot or at several spots of the stator ("multiple partial rub"). It was, however,
difficult to predict.

The stator compliance has a significant effect on rubbing rotor responses. Stator
large compliance (low rigidity) results in the stator plunger motion, thus rotor
vibration amplitudes are lower in comparison to the case of low compliance, when
entire energy goes into the rotor motion, resulting in rotor higher vibration
amplitudes. The stator compliance has also an effect on shape of the resulting
orbital motion of the rotor.

The same experimental data captured by the displacement proximity probes and the
accelerometer moun. ted on the rotor casing differ considerably. The proximity
probes provide distinct vibrations in low frequency range. Their readings reproduce
the rotor motion in its orbital shape. The accelerometer provides only high
frequency components in the vibrational spectrum. When rub occurs and causes
high amplitude, low frequency vibration, the accelerometer shows the appearance of
a wide range of high frequency components (measured up to 1 kHz). The
accelerometer zeadings are affected by the stator compliance, however, vibration
components with "relatively hi_h" amplitudes may still be generated when the
stator rigidity is large and vibration frequencies are high.
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The experimental resalts on the rotor-to--stator partial rub with only two variable
parameters, namely, the rotative speed and the stator compliance provided a manifold

matrix of results, proving that rub has very rich occurrences. Prelin_nary results on rotor
rubbing against a-360 degree seal-simulating rub fixture show that the boundary geometry
plays an important role in the rotor rub-affected response.
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BENTLY
ROTOR DYNAMICS
RESEARCH CORP.

RUNUP

PLANT ID:
TRAIN ID:
MACHINE rD:
SOLID DATA: Unoomp

BRDRC
NASA RUB
ROTOR KIT
DBV

RUN 1

N

..J
a

_R

._L _ _. !

......... , ......... • ......... __ ...... ......... .........

12.= ......... _ ........ _ ............ ;............. ;..... ;------------

-- .... ..........i..... i...........
:::

kRPN

7.8

e, $.8

First Second
Balance Balance

Resonance Resonance

FI GUP,_ 10.8 BODI_PLOTOFTHEROTORFILTEREDSYNCItRONOUSVIBRA-
TIONRESPONSEDURINGRUN-UPAS SEEN BY THE OUT-
BOAP,.DVERTICALDISPLACEMENTPROBE(UNBALANCED,NO
RUB).
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BENTLY
ROTOR DYNAMICS
RESEARCH CORP.

RUNUP

RUN i

4 •

ORIGINAL PAGE IS
OF POOR QUALITY

PLANT IO: BRDRC
TRAIN ID: NASA RUB
MACHINE ID: ROTOR KIT
SOLID DATA: Uncomp OBV

B

27Q

|

tlm

FULL SCALE AMP - 10 pp MILS AMP PER DIV - .5 pp MILS

FIGURE 10.9 POLAR PI,OT OF THE ROTOK FILTERED SYNCHRONOUS VI-
BRATION RESPONSE DURING RUN-UP AS SEEN BY THE
OUTBOARI) VERTICAL DISPLACEMENT PROBE (UNBAL-
ANCED, NO RUB).
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BENTLY
ROTOR DYNAMICS
RESEARCH CORP. PLANT iD:

TRAIN ID:
MACHINE ID:
PROBE ID:

BRDRC
NRSA RUB
ROTOR KIT
IBV

,,m

! .r

_M

>.

I=
.J

rL

I

W

!

FIGUI_ 1010

; '_; .... _,_ _ _._ "- _

SPECTRUM CASCADE PLOT OF THE ROTOR VIBI_.ATION.
DURING RUN-UP AS SEEN BY THE INBOARD VERTICAL

DISPLACEMENT PROBE (BALANCED, NO RUB).
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BENTLY

ROTOR DYNQMICS
RESEQRCH CORP.

RUNUP
RUN 2

PLQNT ID:
TRQIN ID:
MQCHINE ID:
PROBE ID:

BRDRC
NQSQ RUB
ROTOR KIT
RUB FIXT, V DISP

!
i ¸,

,-i

.J

k_

FIGURE 10.11 SPECTRUM CASCADE PLOT OF THE ROTOR VIBRATION
RESPONSE DURING RUN-UP AS SEEN BY THE RUB FIXTURE
VERTICAL DISPLACEMENT PROBE (BALANCED_ NO RUB).
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BENTLY
ROTOR DYNAMICS
RESEARCH CORP.

RUNUP

PLANT ID:
TRAIN ID:
MACHINE ID:
PROBE ID:

BRDRC
NASA RUB
ROTOR KIT
OBV

RUN 2

,x

]

kCJ_

]=

1,1

I

uJ

]

L'i

!

FIGURE 10.12 SPECTRUM CASCADE PLOT OF THE ROTOR VIBRATION
RESPONSE DURING RUN-UP AS SEEN BY THE OUTBOARD
VERTICAL DISPLACEMENT PROBE (BALANCED, NO RUB).
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BENTLY
ROTOR DYNAMICS
RESEARCH CORP..

RUNUP

RUN 2

PLANT ID :
TRAIN ID :
MACHINE ID:
SOLID DATA: Uncomp

, t

BRDRC
NASA RUB
ROTOR KIT
IBV

0

",............!_ _i.......i --- --

I,II
,,,.I
11,-I

a_P_w

FIGURE 10,13 BODI_ PLOT OF THE ROTOR FILTEBED SYNCHRONOUS
VIBRATION RESPONSE DURING RUN-UP AS SEEN BY THE
INBOARD VERTICAL DISPLACEMENT PROBE (BALANCED, NO
RUB).
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BENTLY
ROTOR DYNAMICS
RESEARCH CORP.

RUNUP

RUN 2

PLANT ID:
TRAIN ID:
MACHINE [D:
SOLID DQTA: Uncomp

BRDRC
NASA RUB
ROTOR KIT
IBV

0

AMP PER DIV - ,5 pp MILS

FIGURE 10.14 POLAR PLOT OF THE ROTOR FILTERED SYNCHRONOUS

vm_.TIO_ _SPONSE DUm_C mJN-UP AS SEEN BY THE
INBOARD VERTICAL DISPLACEMENT PROBE (BALANCED, NO
RUB)
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BENTLY
ROTOR DYNAMICS
RESEARCH CORP.

RUNUP

RUN 2

PLANT ID:
TRAIN ID:
MACHINE ID:
SOLID DATA: Uncom_

BRDRC
NASA RUB
ROTOR KIT
IBV

i]

I

°

,,t"l D

o

t
o

turn

FULL SCALE RffP - 2. pp MILS AMP PER DIV - .I pp MILS

FIGURE 10.15 POLAR PLOT OF THE ROTOR FILTERED SYNCHRONOUS
VIBRATION RESPONSE DURING RUN-UP AS SEEN BY THE
INBOARD VERTICAL DISPLACEMENT PROBE. NOTE: THIS
DATA IS THE SAME AS FIGURE 10.14 WITH DIFFERENCE

SCALING (BALANCED, NO RUB).
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BENTLY
ROTOR DYNAMICS
RESERRCH CORP.

RUNUP

PLANT ID :
TRRIN ID :
MRCHINE ID:

SOLID DRTA: Uncomp

BRDRC
NASA RUB
ROTOR KIT
RUB FIXT, V DISP

RUN 2

m u

:I

sm

LSD

t_

aLa

a_

i i |

___._..___.____.... _:..........._...... .____.
: ' 'D_ : :

--".... F-".......-:---_ --'i...... _.............".........
.......... } ......... _ ......... i ......... , ......... : .........

aR_

[_ FIGURE 7.0.16 BODI_ PLOT-OF THE ROTOR FILTERED SYNCHRONOUS
DURING AS BY THEVIBRATION I_SPONSE RUN-UP SEEN /

NoKUBRuB).FIXTUREVERTICAL DISPLACEMENT PROBE (BALANCED, _

!].93



BENTLY
ROTOR DYNAMICS
RESEARCH CORP.

RUNUP

RUN 2

PLANT ID:
TRAIN !D:
MACHINE IO:
SOLID DATA: Uncomp

BRDRC
NASA RUB
ROTOR KIT
RUB FIXT, V DISP

27q

laO

FULL SCALE AMP - I0 pp miLS AMP PER DIV - ,5 pp MILS

FIGURE I0.17 POLAR. PLOT OF ROTOR FILTEILED SYNCHRONOUS VIBRA-
TION RESPONSE DURING BUN-UP AS SEEN BY THE RUB
FIXTURE VERTICAL DISPLACEMENT PROBE (BALANCED, NO

RUB).
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BENTLY
ROTOR DYNAMICS
RESEARCH CORP,

RUNUP

RUN 2

ORIGINAL PAGE IS

OF POOR QUALITY,

PLANT ZD: @RDRC
TRAIN ID: NASA RUB
MACHINE iD; ROTOR KIT
SOLID DATA: Uncomp, RUB FIXT, V DISP

'I

lid

FULL SCALE AMP - 2 pp MILS AMP PER DIV - ,t pp MILS

FIGURE 10.18 POLAR PLOT OF THE ROTOR FILTERED SYNCHRONOUS
VIBRATION RESPONSE DURING RUN-UP AS SEEN BY THE

'- RUB FIXTURE VERTICAL DISPLACEMENT PROBE. NOTE:
THIS DATA IS THE SAME AS FIGURE I0.17WITH DIFFERENT

SCALING (BALANCED, NO RUB).
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BENTLY
ROTOR DYNRMICS
RESERRCH CORP,

RUNUP

RUN 2

a

i m

81

t_m

tm

tm

PLANT ID :
TRAIN ID :
MRCHINE ID :
SOLID DQTR: Uncomp

BRDRC
NRSR RUB
ROTQR KIT
OBV

um
_=

]=

Q.
LI,

t

FIGURE 10.19 BODI_PLOT OF THE ROTOR FILTEREDSYNCHRONOUS
VIBRATIONRESPONSEDURINGRUN-UPAS SEENBY THE
OUTBOARDVERTICALDISPLACEMENTPROBE(BALANCED,
NO_UB).
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BENTLY
ROTOR DYNAMICS
RESEARCH CORP.

RUNUP

RUN 2

PLANT ID:
TRAIN ID:
MACHINE ID:
SOLID DATA: Uncomp

BRDRC
NRSA RUB
ROTOR KIT
OBV

lilll

FULL SCALE AMP -- I0 pp MILS AMP PER DIV - .5 pp MILS

r

!

FIGURE 10.20 POLAR PLOT OF THE ROTOR FILTEt_D SYRCFIRONOUS
VIBRATION RESPONSE DURING RUN-UP AS SEEN BY THE
OUTBOARD VERTICAL DISPLACEMENT PROBE (BALANCED,

NO RUB).
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BRDRC
NASA RUB
ROTOR KIT
OBV

FULL SCALE AMP - 2 pp MILS AMP PER OIV = .l pp MILS

FIGUI_E 10.21 POLAR. PLOT OF THE ROTOR FILTERED SYNCHRONOUS
VIBRATION RESPONSE DURING RUN-UP AS SEEN BY TI:IE
OUTBOARD VERTICAL DISPLACEMENT PROBE. NOTE: THIS
DATA IS THE SAME AS FIGURE 10.20 WITH DIFFERE1NT
SCALING.
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rpm : 5836

PreloQcl • 10.03 Ib

Rub Block : Aluminum

Orbit MagnificQNon : _ X 25

FIGURE 10.22 ORBIT OF THE SHAFT RUBBING AGAINST THE STATIONARY

RUB BLOCK. QUALITATIVE EXAMPLE.
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 ,OOALPAO 'S !i!OF pOOR QUALITY

BENTLY
ROTOR DYNAMICS
RESEARCH CORP, PLANT ZD: BRDRC

TRAIN ID: NASQ RUB
MACHINE ID'. ROTOR KIT

RUNUP PROBE ID' RUB DISP

RUN 3

_.SX _X

:":; : , • ,""

o °

o_

',Z

FIGURE 10.23 CASCADE PLOT OF ROTOR VIBRATION RESPONSE DURING
RUN-UP AS SEEN BY THE RUB FIXTURE HORIZONTAL
DISPLACEMENT PROBE. NOTE I/2X COMPONENT GENER-
ATED BY RUB (0.0 PRELOAD, INBOARD UNBALANCE: .48
GRAMS AT 0. DEGREES AND RADIUS = 1.2IN.).
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ORIGINAL PA3E IS
OF POOR QUALITY
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BENTLY
ROTOR DYNQMICS
RESEQRCH CORP,

RUNUP

PLQNT ID:
TRQIN ID:
MQCH!_E [D:
PROBE ID:

BRDRC
NASA RUB
ROTOR KIT
RUB ACC

RUN 3

IX

_C_M

l

I,
w,J

"I,n

!=

"1L,
!

n%
-i"

4'
.,d

=

J

FIGURE 10.24 CASCADE PLOT OF ROTOR VIBRATION RESPONSE DURING

B.UN-UP AS SEEN BY ACCELEROMETE1% MOUNTED ON

PLUNGER MECHANISM. NOTE WELL-DEFINED 2X, 3X, 4X,
AND KIGHEB. COMPONENTS. THE SAM-E RUN AS IN FIGUI%E

10.23. NOTE LACK OF LOW FREQUENCY COMPONENTS (0.0
PRELOAD, INBOARD UNBALANCE: .48 GRAMS AT 0 DEGREES

AND RADIUS = 1.2IN.).
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ORIGINAL PAGE IS
BENTLY PLANT rD: B.R.D.R.C OE POOR QUALITYNEVADA TRAIN ID: NASA RUB RIG ?
_RPo MACHINE i3: RUB ORBITS

RUN 3

,=ROBE _,T rD: RUB FIXTURE VERT
7x ;ILTERED

ORIENTATION- 90 DEG
:X VECTOR- 13.30 MILS PK-PK @-329

PROBE =2 [D: RUB ;IXTURE HOR
RX ;ILTERED

ORIENTATION- 0 DEG

IX VECTOR- 2.G0 MILS PK-PK @-333

ROTATION: CW
RPM(STQRT)- 1600 RPM(END)- _GO0

ir , i

i

l
I

ii I" ' 7
, I

, !
/:! i
i

, I i

,, , , [

• _'-'! ."-_E -'J1[ ' L

'L; ,# . J t I k i
_, ?. ' , _ - L '-.!

l, .../ . "el" I , , "|
• " _ "/" [
, I

n

• i [

I
I

l

i

,j

I
i

J, !

L

i

i
• i

t/' I

I
I

• CRI.F.,-2. _u 'mZL.._O__

I , j

,",, '7:', /'\ '/" '-, i
'' 7 ' , , " / _
', '% I J: " , i I /

: ", I' t. / ,, ," \I

I , , I

I' '" I

RIJ_ 3

PROBE xl IO: RUB FIXTURE VERT
UNFTLTERED

ORIENTATION- 90 DEG
MAX AMP- 14.20 MILS RK-PK

PROBE =2 ID: RUB FIXTURE HOR
UNFILTERED

ORIENTATION- 0 OEG
MAX AMP- 3.20 MILS PK-PK

ROTQTION: CW
RPM(START)- 1600 RPM(E_O)- 1600

FIGURE 10.25 STEADY-STATE ORBIT/TIMEBASE WAVE OF THE ROTOR

VIBRATIONAL RESPONSE AT 1600 ILPM AS SEEN BY RUB

FIXTURE VERTICAL AND RORIZONTAL DISPLACEMENT

PROBES. 1X RUB. TOP: lX FILTERED SIGNAL, BOTTOM:

UNFILTEB.ED SIGNAL. (0.0 PRELOAD, INBOARD UNBALANCE:

.48 GRAMS AT 0 DEGREES AND RADIUS = 1.2 IN.).
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ORIGINAL PAGE fS
OF POOR QUALITY

BENTLY
NEVAD_
CORP.

=LANT ID: B,R.D,R.C

TRAIN ID: "NASA RUB
MACHINE [D: -' mr CONTACT REF

RUN 3

PROBE _I [D: RUB PLUNGER
UNFILTERED

:RIENTQTION- 0 DEG
MQX QMP- 3.30 MILS PK-PK

PROBE 12 ID: RUB ELEC. CONTACT
UNFILTERED

ORIENTATION- 0 DEG
MRX AMP- 5.70 MILS PK-PK

ROTATION: CW
RPM(START)- 1587 RPM(END)- 1584

ql'P S(2:I.F..- l.@l nll,,,,_,/@I,'_'

Rub

No
Con_ac_

, I

f

)

FIGURE 10.2@ TIMEBASE WAVE PRESENTATION OF IX RUB VIBRATION

SIGNALS. TOP: PLUNGER MOTION, BOTTOM: ELECTRICAL

SIGNAL OF ROTOR-TO-STATOR CONTACT (RUB-RELATED).

NOTE STICK/SLIP /REBOUNDING MOTION OF THE SHAFT AT

IX RUB (0.0 PRELOAD, INBOARD UNBALANCE: .48 GRAMS AT

0 DEGREES AND RADIUS = 1.2 IN.).
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BENTLY
NEVADA
CORP

RIJ_ 3

PLANT ID: B.R.D.R.C
TRAIN ID: NASA RUB RIG

MACHINE ID: RUB ORBITS

@

PROBE sl ID: RUB FIXTURE VERT
IX FILTERED

PROBE _2 ZD: RUB FIXTURE HOR
IX FILTERED

ROTATTON: CW
RPM(START)- 3866 RPM(END), 3867

ORIENTATION-
IX VECTOR-

ORIENTATION-
IX vECTOR-

90 DEG
!.90 MILS PK-PK @-188

0 DEG
3.00 MILS PK-PK @-276

[ i
: . : i

! , !

: I
r | i

I

: : : 1

|

T

I_,,F,'_(3ml,,T..@.aid MI3..3,40IVI

.RUN 3

i ,, [

D

i i

ii ii

, _,

, i

i

I " m • I

I , | | ,

• 1

PROBE #I ID: RUB FIXTURE VERT
UNFILTERED

PROBE #2 ID: RUB FIXTURE HOR
UNFILTERED

ROTATION: CW

RPM(START)- 3867 RPM(ENO)- 3869

ORIENTATION-
MAX AMP-

ORIENTATION-

MAX AMP-

90 DEG
3.00 MILS PK-PK

0 DEG
4.10 MILS PK-PK

FIGURE 10.27 STEADY-STATE ORBIT/TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AT 3881 RPM AS SEEN BY RUB

FIXTURE VERTICAL AND HORIZONTAL DISPLACEMENT

PROBES. 1/2X RUB. TOP: IX FILTERED SIGNAL, BOTTOM:

UNFILTERED SIGNAL. (0.0 PRELOAD, INBOARD UNBALANCE:

.48 GRAMS AT 0 DEGREES AND RADIUS = 1.2 IN.).
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BENTLY
NEVADA
CORP.

RUN 3

PLANT ZD: B.R.D.R.C
TRAIN ID: NASA RUB

MACHINE IO: ELEC CONTACT REF.

PROBE el ZD: RUB. PLUNGER
UNFILTERED

PROBE t2 ID: RUB ELEC. C_NTACT
UNFILTERED

ORIEHTATIDN=
MAX AMP-

ROTATION: CN
RPM(STRRT)-

ORIENTATION-
MAX AMP-

4712 RPM(END)=

, , • i ,,i
i i ,

_712

0 DEG
".00 MILS PK-PK

0 DEG

5.60 MILS PK-PK

|

FIGURE 10.28 TIMEBASE WAVE PRESENTATION OF IX RUB VIBRATION

SIGNALS. TOP: PLUNGER MOTION, BOTTOM: ELECTRICAL

SIGNAL OF ROTOR-TO--STATOR CONTACT (RUB-RELATED).

.0 PRELOAD, IINBOARD UNBALANCE: .4B GRAMS AT 0

EGREES AND RADIUS =- 1.2 IN.).
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BENTLY
RDTDR DYNAMICS
RESEARCH CORP.

RUNUP

RUN 4

PLANT !D:
TRAIN ID:
MACHINE ID:
PRDBE !D:

BRDRC
NASA RUB
ROTOR KIT
RUB HOR

FIGURE 10.29 CASC,' DE PLOT OF ROTOR VIBRATION KESPONSE DUllING
RUN-b IS SEEN BY RUB FIXTURE HORIZONTAL DISPLACE-
MENT P, 0BE. NOTE SIGNIFICANT EXCITATION OF SUBSYN-

CHRONOt_S COMPONENTS WITH FREQUENCIES I/2X, I/3X,
AND I/4X. COMPARE WITH FIGURE 10.23(3.34LB PllELOAD,
INBOAKD UNBALANCE: .48 GRAMS AT 0 DEGREES AND

IIADIUS = 1.2 IN.).

2O6



OR=G._,_,,,,. _,_GE IS

OF POOR QUALITY

BENTLY
ROTOR DYNAMICS
RESEARCH CORP.

RUNUP

RUN 4

PLQNT ID:-
TRAIN ID:
MACHINE ID:
PROBE ID:

.d.

BRDRC
NASA RUB
ROTOR KIT
RUB HOR

FIGURE 10.30 CASCADEPLOT OF ROTORVIBRATIONRESPONSEDURING
RUN-UP. NOTE:THISISTHESAMEDATAASINFIGURE10.29
WITH DIFFERENTSCALING(3.34 LB PRELOAD,INBOAI_D
UNBALANCE:.48 GI%AMSAT 0 DEGREESANDRADIUS= 1.2
IN.).

207



I
I

I
I

BENTLY
ROTOR DYNAMICS
RESEQRCN CORP.

RUNUP.

PLANT ID:
TRAIN ID:
MACHINE ID:
PROBE ID:

BRDRC
NASA RUB
ROTOR KIT
RUB QCC

RUN 4

j_,

4

3

!

I

I.I

l"
I"
• III

!

l,J

i"

f

I

FIGURE 10.31 CASCADE PLOT OF ROTOR VIBRATION RESPONSE DURING

RUN-UP AS SEEN BY ACCELEROMETER MOUNTED ON

PLUNGERMECHANISM NOTE: COMPONENTSAP..ELESS
PROMINENTTHAN TH_:SEFROM TSE SYSTEMWITH 00
PRELOAD (FIGURE 10.24)(3.34 LB PRELOAD, INBOARD
UNBALANCE: .48 GRAMS AT 0 DEGREES AND RADIUS = 1.2

IN.).
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RUN 4

' "_" RUB FZXTURE vER r=ROBE = ._.
UNFILTERED

ORIENTATION- _0 DEG
MAX _MP- !2 O0 _'. M__S PK-PK

=ROBE t2 !D: RUB CZXTURE HOR
UNFILTERED

ORIENTATION- 0 DEG
MAX AMP- G.IO MILS PK-PK

ROTATION: CN
RPM(START)- I573 RPM(END)- 1574

,, , ;Jl_

..f "t_
j i m_ _ L

/"i

i- /
,, .... ,d

, /- • y , i

" i

[, , i . i '1

ORIGINAL. PAGE IS

OF POOR QUALITY

FIGURE 10.32 STEADY-STATE ORBIT/TIMEBASE WAVE OF THE ROTOR
VIBRATIONAL RESPONSE AT 1574 KPM, AS SEEN BY RUB
FIXTURE VERTICAL AND HORIZONTAL DISPLACEMENT
PROBES. UNFILTERED ORBIT INDICATES ONSET OF 2X

COMPONENT. 1X RUB (3.34 LB. PRELOAD, INBOARD
UNBALANCE: 0.48 GRAMS AT 0 DEGREES AND ILkDIUS = 1.2

IN.).

PROBE _,I :D: RUB PLUNGER
UNFILTERED

ORIENTATION- 0 OEG
MAX AMP- 0,00 MILS PK-=K

=_OBE =2 :D: RUB ELEC. CONTACT
UNFILTERED

ORIENTATION-
MAX AMP-

00EG
4.60 HILS °K-PK

ROTAT!CN: C_
RPM(START)- 1573 RPM<END)- 1574

i
|,

FIGURE 10.33 TIMEBASE WAVE PRESENTATION OF IX RUB VIBRATION

SIGNALS. TOP: PLUNGER MOTION, BOTTOM: ELECTRICAL

SIGNAL OF ROTOR--TO-STATOR CONTACT (RUB-RELATED].

NOTE: NO INDICATION OF PLUNGER MO;I'ION, SMALL 2k I

COMPONENT RECORDED BY ELECTRICAL CONTACT SIGNAL
(3.34 LB PRELOAD, INBOARD UNBALANCE: .48 GRAMS AT 0
DEGREES AND RADIUS = 1.2 IN.). _._



RUN 4

_ROBE _ 2]: RUB _Z×TURE VERL_
UNFILTERED

PROBE ;2 ID: RUB ;!XTURE =OR

UNFILTERED

ROTATZON: CW
RPM(START)- :_04 RPM(END)- !G03

,_ , ,T '

'I" !
,, ,, _ ,

.... ,"[
i

(_ ,I B

" I;'

• _- , r

, ?'_

'2

JR IEHTQT!r-'N- 90 DEG
MAX AMP- !3,20 MILS PK-PK

._IRIE,_4TA TTON-

MAX AMP-
0 DEG

3.00 MILS PK-PK

j ,

m ,._ i

:'_ /" ,, / ..... ,' ,

i r

q i •

i

L

A

FIGURE 10.34

. I'' "P_ROBE _I [D: RUB _.'_NGcR
UNFILTERED

STEADY-STATE ORBIT/TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AT 1603 RPM AS SEEN BY RUB

FIXTURE VERTICAL AND HORIZONTAL DISPLACEMENT

PROBES. UNFILTERED ORBIT INDICATES EXISTENCE OF k 2X

COMPONENT. IX RUB (3.34 LB. PRELOAD, INBOARD
UNBALANCE: 0.48 GRAMS AT 0 DEGREES AND RADIUS = 1.2

IN.).

_]RIENTATI_N- 0 DEG
MAX AMP- 0,00 MILS PK-PK

PROBE _2 ID: RUB ELEC. _,,,o_OrT
UNFILTERED

ORIENTATION- 0 DEG

MAX AMP- _,70 MILS PK-PK

ROTATION: CW
RPM(START)- 'SO0 RPM(END)- IGO0

L- l , .L i

I

--Z'_- ;- " " -_ ': "

W,,,p S¢';:_.. _._0 _D..Z,/OFV

FIGURE 10,35

I

' NO "

Cont:ac_:

TIMEBASE WAVE PRESENTATION OF IX RUB VIBRATION

SIGNALS. TOP: PLUNGER MOTION, BOTTOM: ELECTRICAL

SIGNAL OF RCTOR-TO-STATOI% CONTACT (RUB-RELATED).
NOTE: ELECTRICAL SIGNAL SHOWS 2X COMFONENT (3.34 LB

PRELOAD, INBOARD UNBALANCE: .48 GRAMS AT 0 DEGREES

AND RADIUS = 1.2 IN.).

ORIGINAL PAGE IS

OF POOR QUALITY
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_ PROBE st ZD: RUB FZXTUR_ vERT .'RiENTATION- 90 DEG
L_' UNFILTERED MF_X AMP- 2.50 MILS PK-PK

PROBE #2 ZD: RUB FIXTURE HOR
UNFILTERED

ROTATION: C_
RPM(START)-

_RZENTATION-
MAX AMP-

0 DEG
6o90 MILS PK-PK

t,. ._._.-"__.,.-P'..__-':.'._j. ,'% ORIGINAL PAGE IS
t_ , - OF POOR QUALITY

i

'QIS,. RPM(END)- _915

L

5G=L.E- I._ M,g..,_g_

FIGUILE 10.36

:ROBE _' :D: RUB PLUNGER
UNFILTERED

Y J" ",. " ' ( %, .' i,t ,. / i " .r n
t l" " j; , = :" •

i.
i

STEADY-STATE OKBIT/TIIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AT 1915 RPM AS SEEN BY RUB

FIXTURE VERTICAL AND HORIZONTAL DISPLACEMENT

PROBES. UNFILTEKED ORBIT SHOWS SIGNIFICANT LATERAL

MOTION OF ROTOR SHAFT IX RUB (3.34 LB. PKELOAD,
INBOARD UNBALANCE: 0.48 GRAMS AT 0 DEGREES AND

RADIUS = 1.2 IN.).

3R!ENTATION- 0 DEG
MAX AMP- .20 MILS PK-PK

:ROBE _2 ZD: RUB ELEC. C3NTACT
uNFILTERED

_RIENTATION-
MAX QMP-

0 DEG

4.40 MILS PK-PK

ROTATION: C_
RPM(START)- 1913 RPM(END)- tgt6

• • i iii -- i i

b

+

""J"E ._,r.J=_E,, Z_. _ M_C£.,tII]'V '

'y J i

'N IY " t_-

'=iMP :=,;w't._= i.al mX3.S_OI'_

No
Coni=ac_:

FIGUILE 10.37

i

Rub
,+

TIMEBASE WAVE PRESENTATION OF IX RUB VIBKATION

SIGNALS. TOP: PLUNGER MOTION, BOTTOM: ELECTR/CAL

SIGNAL OF KOTOR-TO-STATOK CONTACT (RUB-RELATED).

NOTE: PLUNGER MOTION EXTP,.EMELY SMALL (3.34 LB.

PRELOAD, INBOARD UNBALANCE: 0.48 GKAMS AT 0 DEGREES

AND RADIUS = 1.2 IN.).
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PROBE tT _D: RbB _'_XTURE VERT
UNFILTERED

ORIENTQTION-
MQX AMP-

90 OEG

7.00 MiLS PK-PK

PROBE _2 :D: RUB FIXTURE HOR
UNFILTERED

ORIENTQT!ON-
MAX _MP-

0 DEG

9.00 MILS PK-PK

ROTATION: CW
RPM(STQRT)- _919. RPM(END)- 3918

.JlP

i

: , _,- ....
i \,, "_ L.

i J r

FIGURE 10.38

PROBE sl ID: RUB PLUNGER
UNFILTERED

l

STEADY-STATE ORBIT/TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AT 3918 RPM AS SEEN BY RUB

FIXTURE VERTICAL AND HORIZONTAL DISPLACEMENT

PROBES. NOTE: UNFILTERED ORBIT NOW INDICATES THE

PRESENCE OF A I/2X COMPONENT (3.34 LB. PRELOAD,
INBOARD UNBALANCE: 0.48 GRAMS AT 0 DEGREES AND

RADIUS - 1.2 IN.).

ORIENTATION- 0 DEG
MQX QMP- '.10 MILS PK-PK

_ROBE _2 IO: RUB ELEC. CONTACT
UNFILTERED

ORIENTQTION- 0 DEG
MQX QMP- 5.80 MILS PK-PK

I I

ROTATION: CW
RPM(START)- 3916 RPM(END)- 3916

f
J

,

- I l" l l I l _ II

J II

= ! m .

L

RUD _

FIGURE 10.39

. . ,--

1 I , 3 '
i

No r

Con_ac_

l

ORIGINAL PAGE IS

OF POOR QUALITY

TIMEBASE WAV_ PRESENTATION OF I/2X RUB VIBRATION
SIGNALS. TOP: PLUNGER MOTION, BOTTOM: ELECTRICAL

SIGNAL OF ROTOR-TO-STATOR CONTACT (RUB-RELATED).

NOTE: SIGNIFICANT PLUNGER MOTION, LONG PERIOD OF

CONTACT, I/2X COMPONENT (3.34 LB. PRELOAD, INBOARD

UNBALANCE: 0.48 GRAMS AT 0 DEGREES AND RADIUS = 1.2

IN).
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RUN 4

PROBE zl ZD: RUB FIXTURE VERT
UNFILTERED

PROBE s2 ID: RUB FIXTURE HOR
UNFILTERED

ORIENTATION- 90 DEG
MRX AMP- 9.20 MILS PK-PK

ORIENTATION- 0 DEG
MRX AMP- ]0.60 MILS PK-PK

RQTRTIQN • CW
RPr'I(START)- 5652 RPM(END)- 5652

i j,

i

i • ; :

|

' '' i

,, i
m ; •

FIGURE 10.40

PROBE =IID: RUB PLUNGER
UNFILTERED

ORIGINAL PAGE IS
OF POOR QUALITY

I ,, m l, " ]

, . , m i

i i : -" " ,,.'-'"_I"_'_ _-.-.. w,---..._
' i
i _ _._ .l- J

TQ,I, S_IUi;,, _1, B1 m_'_./_2V

STEADY-STATE ORBIT/TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AT 5652 RPM AS SEEN BY RUB
FIXTURE VERTICAL AND HORIZONTAL DISPLACEMENT
PROBES. NOTE: UNFILTERED OR.BIT INDICATES EXISTENCE

OF A I/3X COMPONENT (3.34 LB. PP_'OAD, INBOARD
UNBALANCE: 0.48 GRAMS AT 0 DEGREES AND RADIUS = 1.2

IN.). QRIENTATIZ]N- 0 DEG
MAX RMP- 1.70 MILS PK-PK

PROBE _2 ID: RUB ELEC. CONTACT
UNFILTERED

ORIENTATION- 0 DEG
MRX RMP- 5,BO MILS PK-PK

ROTATION: CW
RPM(START)- 5648 RPH(END)- 5649

L

{

i,

TIPI¢ I_,.RI.¢"

Ru_----- ,_--

FIGURE 10.41

No
Conta¢_

TIMEBASE WAVE PRESENTATION OF I/3A RUB VIBRATION
SIGNALS. TOP: PLUNGER MOTION, BOTTOM: ELECTRICAL
SIGNAL OF ROTOR-TO-STATOI% CONTACT (RUB-RELATED):

_'OTE: BOTH SIGNALS INDICATE THE PRESENCE OF A I/3X
COMPONENT AS SEEN IN FIGURE 10.40 (3.34 LB PRELOAD,
INBOARD UNBALANCE: .48 GRAMS AT 0 DEGREES AND

RADIUS = 1.2IN.).
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3ENTLY
ROTDR DYNQMICS
RESEQRCH CBRP,

RUNUP

PLANT ID:
TRQIN ID:
MQCHINE [D:
PROBE ID:

RUN 5

kC_

BRDRC
NQSQ RUB
ROTOR KIT
RUB HOR

11,

f

FIGURE 10.42 SPECTRUM CASCADE PLOT OF ROTOR VIBRATION DURING
RUIN-UP AS SEEN BY RUB FIXTURE HORIZONTAL DISPLACE-
MENT PROBE. NOTE: EXCITATION OF SUBSYNCHRONOUS,
MAINLY I/2X COMPONENTS (6.68 LB PRELOAD, INBOARD
UNBALANCE: .48 GRAMS AT 0 DEGREES AND RADIUS = 1.2

IN.).
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BENTLY
ROTOR DYNAMICS
RESEARCH C_]RP.

RUNUP

ORIG!I_AL P_,.OE IS
OF POOR QU,%LITY

PLANT ID :
TRAIN !D:
MAC,qZNE ID:
PROBE !D :

BRDRC
NQSA RUB
ROTOR KIT
RUB HOR

RUN 5

k CPM

FIGURE 10.43 SPECTRUM CASCADE PLOT OF RO_/OK VIBRATION DURING
RUN-UP AS SEEN BY RUB FIXTURE HORIZONTAL DISPLACE-
MENT PROBE. NOTE: THIS IS THE SAME DATA WITH
DIFFERENT SCALING AS FIGURE 10.42.
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9R|GINAL PAGE IS
OF POOR QUALITY

8ENTLY
ROTOR DYNAMI re

RESERRCH CORP.

RUNUP

PLANT [D:
TRAIN ID:
MPCHINE [D:.
PROBE !D:

BRDRC
NASA RUB
ROTOR KIT
RUB ACCEL

RUN 5

=

LI_ -- '. ; I

i.' .,

9 '- i._.. --_-
*., ,q .
%
%. ,,

l
!

i
•.m ...,

-5

'_' ' _l

.............. .::aX i
' . ; ' ;

• _ • : ._a.

_
r. '" ' '_-'- _ -- I
.. .. . : ..:

, J - i
, , , 1 | , i _ _

%

i -

:r.I
r_,, , , . _--

l
_? , _i . .. ........

%. ,- .... ," - ,, ' ,

a _'_' ._.............. i I i a I l | I I ]

• o .,..

FIGUKE 10.44 SPECTRUM CASCADE PLOT OF ROTOR VIBRATIOI_ DURING
RUN-UP AS SEEN BY THE ACCELEROMETER MOUNTED "ON

THE RUB FIXTURE PLUNGER MECHANISM. THIS IS THE SAME

TYPE OF DATA AS IN FIGURES 10.42 AND 10.4_. NOTE

SUPERSYNCHROI_OUS COMPONENTS ONLY WHEN I/2X AND
iX COMPONENTS ARE SIGNIFICANT. COMPARE WITH

FIGURE 10.42 (6.68 LB PRELOAD, INBOARD UNBALANCE: .48

GRAMS AT 0 DEGREES AND RADIUS = 1.2 IN.).
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ORIGINAL PAGE IS

OF POOR QUALITY

C"_ 3ENTLY
i i

.: ROTOR DYNAMZCS

RESE_RCFI C'ORP.

RUNUP

RUN 5

PLANT [D:
TRAIN ID:
MACHINE [D:
PROBE ID:

BRDRC
NASA RUB
ROTOR KIT
RUB ACCEL

L

[ .-/.

,,J

;_CPM

s

FIGUB.E 10,45 SPECTRUM CASCADE PLOT OF ROTOR VIBRATION DURING

RUN-UP AS SEEN BY THE ACCELEROMETER MOUNTED ON

THE RUB FIXTURE PLUNGER MECHANISM. THE SAME DATA

AS IN FIG. i0,44 BUT WIDER FREQUENCY RANGE. NOTE
EXCITATION OF HIGHER ORDER COMPONENTS. COMPARE

WITH FIGURES 10.42 THROUGH 10.44 (6.68 LB. PRELOAD,
INBOARD UNBALANCE: 0.48 GKAMS AT 0 DEGREES AND

RADIUS = 1.2 IN.).
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BENTLY
NEVADA
CORP.-

PLANT ID: B.R.D.R.C
TRAIN ID: NASA RUB RIG
MACHINE ID: RUB ORBITS

,l
I

RUN 5

PROBE #I ID: RUB FiXTURE. VERT
UNFILTERED

PROBE #2 ID: RUB FIXTURE HOR
UNFILIERED

ORIENTATION- 90 DEG
MAX RMP- 13.60 MILS PK-PK

ORIENTATION- 0 DEG

MAX AMP- 2.30 MILS PK-PK

ROTATION: CW
RPM(START)- 15G5 RPM(END)- 1564

I
• ii !

I

I I

r

:!;r _I, ' , hl:

: : _ • . :

! __-_ .,,,-_ . ,_

I / _',' /" \Q / ",

• I
. , i I

I

t l
TQ_ S,:aL.E,, 2=. BO I"EiEC.,_Z'V

',,P

1
i i

rl I

'' 1, I

,' : !

L;' ' I

I

T_]"IC _RI,,,E,,, 2_:_ _E£,,,'D]¥

RUN 5

PROBE #I ID: RUB FIXTURE VERT
IX FILTERED

ORIENTATION- 90 DEG
IX VECTOR- 13.70 MILS PK-RK @-250

PROBE a2 iD: RUB FIXTURE HOR
IX FILTERED

ORIENTATION-
IX VECTOR-

0 DEG
1.30 MILS PK-PK @-12

ROTATION: CW
RPM(START)- 1565 RPM(END)- 156S

FIGURE 10.46 STEADY-STATE ORBIT/TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AT 1564 RPM AS SEEN BY RUB

FIXTURE VERTICAL AND HORIZONTAL DISPLACEMENT

PROBES. TOP: UNFILTERED IX RUB SIGNAL, BOTTOM: IX

FILTERED SIGNAL. (6.68LB PRELOAD, INBOARD UNBALANCE:

.48 GRAMS AT 0 DEGREES AND RADIUS = 1.2 IN.).
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ORIGINAL PAGE IS

OF POOR QUALITY

BENTLY
NEVADA
CORP.

RUN 5

PLANT ID:- B.R.D.R.C

TRQIN ID: NASA RUB
MACHINE ID: ELEC CONTACT REF,

PROBE zl ID: RUB PLUNGER
UNFILTERED

PROBE _2 ID: RUB ELEC. CONTACT

UNFILTERED

ROTATION: C_
RPM(START)- 1569 RPM(END)- 1570

ORiENTATION-
MAX AMP-

ORIENTATION-
MAX AMP-

I

Contac_

0 OEG
0.00 MILS PK-PK

0 OEG
5.50 MILS PK-PK

FIGURE 10.47 TIMEBASE WAVE PRESENTATION OF 1X RUB VIBRATION
SIGNALS. TOP: PLUNGER MOTION, BOTTOM: ELECTRICAL

SIGNAL OF ROTOR-TO-STATOR CONTACT (RUB-RELATED).

(6.68 LB PRELOAD, INBOARD UNBALANCE: .48 GRAMS AT 0DEGREES AND RADIUS = 1.2 IN.). I219
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BENTLY
NEVADA
CORP.

PLANT ID: B.R.O.R.C
TRAIN ID: NASA RUB RIG
MACHINE ID: RUB ORBITS

RUN 5

PROBE al ID: RUB _IXTURE VEnT
UNFILTERED

ORIENTRTION= 90 DEG
MAX QMP- 15.80 MILS PK-PK

PROBE a2 ZD: RUB FIXTURE HOR
UNFILTERED

ORIENTATION- 0 DEG
MAX AMP- 3.20 MILS PK-PK

ROTATIOH: CW
RPM(START)- 1614 RPM(END)- 1612

I

;

I ,

I

RUN 5

PROBE ,,I ID: RUB FIXTURE VERT
X FILTERED

ORIENTATION- SO DEG
IX VECTOR- _5,20 MILS PK-PK @-32B

PROBE n2 ID: RUB FIXTURE HOR
IX FILTERED

ORIENTATION- 0 DEG
IX VECTOR- 2,40 MILS PK-PK %-22!

ROTATION: CW
RPM(START)- 1612 RPM(END)- 1615

FIGURE 10.48 STEADY-STATE ORBIT/TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AT 1812 RPM AS SEEN BY RUB
FIXTURE VERTICAL AND HORIZONTAL DISPLACEMENT
PROBEF TOP: UNFILTERED IX RUB SIGNAL, BOTTOM: IX
FILTEK£D SIGNAL. (8.68LB PRELOAD, INBOARD UNBALANCE:
.48GRAMS AT 0 DEGREES AND RADIUS = 1.2IN.).
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°

D

BENTLY

NEVADA
CORP.

RUN 5

ORIGINAL PAGE !.q

OF POOR QUALITY

PLANT ID: B.R.D.R.C

TRAIN ID: NASA RUB
MACHINE ID: ELEC CONTACT REF.

PROBE sl ID: RUB PLUNGER
UNFILTERED

PROBE 12 ID: RUB EI.EC. CONTACT
UNFILTERED

ROTRT_ON: C_

RPM(START)- 1614 RPM(END)- 1614

..........

ORIENTATION- 0 DEG
MRX RMP- 0.00 MILS PK-PK

ORIENTQT!DN- 0 DEG
MRX QMP- "5.70 MILS PK-PK

q. J J, Ii

i

i
hI

No

a_. II lqliKV./ll:%_

," . ; i, _,'_ ., # _ ._ # .... ,, ,: _- _, = . "
i_I L, ,_ L_ i_t,'

' -'--I
I_ r=_:_.._,l._ MD..S,'O_./ Tl_li_5¢.FI.F.-

I

I ,

FIGURE 10.49

- ............................. :L2___

TIMEBASE V_AVE PRESENTATION OF IX RUB VIBRATION

SIGNALS. TOP: PLUNGER MOTION, BOTTOM: ELECTRICAL

SIGNAL OF ROTOR-TO-STATOR CONTACT (RUB-RELATED).

.68 LB PRELOAD, INBOARD UNBALANCE: .48 GRAMS AT 0

EGREES AND RADIUS = 1.2 IN.).
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NEVADA

CORP.

PLANT ID: B.R.D.R.C
TRAIN ID: NASA RUB RIG

MQCHIHE ID: RUB ORBITS

RUN 5

PROBE #I ID: RUB FIXTURE VERT
UNFILTERED

ORIENTATZON-
MAX, QMP=

PROBE s2 ID: RUB FIXTURE HOR.
UNFILTERED

ORIENTQT_DN-
MAX AMP-

ROTATION: CM
RPM(START)= 193G RPM(END)- 193G

,L. IF ' I

i T

)
.... i -r I

z " i

I

j
L _ - ._¢_- _ _ i

I ..... i•
i , I

i. 1
; ]

J i

: . : : ,

[_ S_- I._"MII-S,/O_'V'

-- . T

]

i

90 DEG
•80 MILS PK-PK

0 DEG
6.10 MILS PK-PK

RUN 5

PROBE xl ID: RUB FIXTURE VERT
IX FILTERED

ORIENTATION-
IX VECTOR-

90 DEG

.70 MILS PK-PK %-I17

PROBE #2 ID: RUB FIXTURE HOR
IX FILTERED

ORIENTATION- 0 DEG

IX VECTOR- 5.G0 MILS PK-PK @-2

ROTATION: CW
RPM(START)- 1936 RPM(END)- 1935

FIGURE 10.50 STEADY-STATE ORBIT/TIMEBASE WAVE OF ROTOR
'vIBRATIONAL RESPONSE AT 1936 AS SEEN BY RUB FIXTURE

VERTICAL AND HORIZONTAL DISPLACEMENT PROBES. TOP:

UNFILTERED IX RUB SIGNAL, BOTTOM: IX FILTERED

SIGNAL. (6.68 LB PRELOAD, INBOAR/) UNBALANCE: .48

GRAMS AT 0 DEGREES AND P.ADIUS = 1.2 IN.).
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"o "

PLANT ID:
TRAIN ID:

B .R.D .R.C
NASA RUB

MACHINE ID: ELEC CONTQCT REF.

RUN 5

PROBE zl iD: RUB PLUNGER
UNFILTERED

ORIENTATION-
MAX AMP-

ORIENTATION-
MAX AMP-

0 DEG
0.00 MILS PK-PK

0 DEG
5.60 MILS PK-PK

1925 RPM(END)- 1922

r

i ..... i

, • • i

I i

I

FIGURE 10.51 TIMEBASE WAVE PRESENTATION OF IX RUB VIBRATION

SIGNALS. TOP: PLUNGER MOTION, BOTTOM: ELECTRICAL

SIGNAL OF ROTOR-TO-STATOR CONTACT (RUB-RELATED).
.88 LB PRELOAD, INBOARD UNBALANCE: .48 GRAMS AT 0

EGREES AND RADIUS = 1.2 IN.).
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BENTLY
NEV_OQ

CORP.

PLANT ID: B.R.D.R.C
TRAIN ID: NASA RUB RIG

MACHINE ID:.RUB ORBITS

RUN 5

PROBE #I ID: RUB FIXTURE VERT
UNFILTERED

ORIENTATION- 90 DEG
MAX AMP- G.40 MILS PK-PK

PROBE _2 _D: RUB FIXTURE HOR

UNFILTERED

ORIENTATION- 0 DEG
MAX AMP- 12.40 MILS PK-PK

ROTRTICN: CW
RPM(STQRT)- 3924 RPM(ENO)= 392_

i

" r::t_. E,r.,=LE,, ;ll.al M6_.._:Z_

_i 1

i

i : " ! : " I

} : : I
i

i I
r i

I

I : " "' ', ,.;-

k

t'

RUN 5

PROBE #_ !D: RUB FIXTURE VERT
IX FILTERED

PROBE #2 ID: RUB FIXTURE HOR
IX FILTERED

ORIENTATION-
1X vECTOR-

ORIENTATION-
IX VECTOR-

90 DEG
3.10 MILS PK-PK @-194

0 DEG

2.90 MILS PK-PK %-327

RO_TION: CW
RPM(START)- 3924 RPM(END)- 3924

FIGURE i0.52 STEADY-STATE ORBIT/TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AT 3924 RPM AS SEEN BY RUB

FIXTURE VERTICAL AND HORIZONTAL DISPLACEMENT

UNFILTERED SIGNAL, BOTTOM: IX FILTERED SIGNAL.

LB PRELOAD, INBOARD UNBALANCE: ._8 GRAMS

DEGREES AND RADIUS = 1.21N.).
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ORIGINAL .PAGE IS
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BENTLY
NEVADA

CORP.

PLANT ID: B.R.D.R.C
TRAIN ID: NASA RUB

MACHINE ID: ELEC CONTACT REF,

RUN 5

PROBE _I ID: RUB PLUNGER
UNFILTERED

ORIENTATION-
MAX AMP-

0 BEG
,40 MILS PK-PK

PROBE #2 ID: RUB ELEC. CONTACT
UNFILTERED

ORIENTATION- 0 DEG
MAX AMP- 5.80 MILS PK-PK

ROTATION: CW
RPM(STRRT)- 3920 RPM(END)- 3919

ii L T . I i L i i i i 11 I

FIMIPSC;I.IE- l.el PII::L.Tvor_ TI:]IKSClI..E,, $11.gll I,Ir_EcEQ.I_

I'

Contac_

FIGURE 10.53 TIMEBASE WAVE PRESENTATION OF I/2X RUB VIBRATION

SIGNALS. TOP: PLUNGER MOTION, BOTIOM: ELECTRICAL

SIGNAL OF ROTOR-TO-STATOR CONTACT (RUB-RELATED).

NOTE: SMALL PLUNGER MOTION AND I/2X RUB INDICATED
BY ELECTRICAL CONTACT (6.68 LB INBOARD PRELOAD,
UNBALANCE: .48 GP.AMS AT 0 DEGREES AND RADIUS = 1.2

IN.).
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BENTLY
NEVADA
CORP.

RUN 5

PLANT ID: B.R.D.R.C

TRAIN ID: NASA RUB RIG
MACHINE IO: RUB ORBITS

t

PROBE =I ID: RUB FIXTURE VERT
UNFILTERED

ORIENTATION- 90 DEG

MAX AMP- 5.00 MILS PK-PK

PROBE m2 iD: RUB FIXTURE HOR
UNFILTERED

ORIENTATION- 0 DEG
MAX QMP- 13.00 MILS PK-PK

ROTATION: CW
RPM(START)- 52T! RPM(END)- 52_1

;IP

: ! : : _ : ]r I

i : 'II

I _ _ _ ...... t

l

! i i
I

! !
1 : ' "f
I T

|

V %# v '4 _ v _ _ -4v "b_ ,1• _ _ w_

I , I

I ' i

RUN 5

PROBE #IID: RUB FIXTURE VERT
lX FILTERED

ORIENTATION- 90 DEG
IX VECTOR- 3.00 MILS PK-PK-_-S50

PROBE #2 ID: RUB FIXTURE HOR
IX FILTERED

ORIENTATION- 0 DEG

IX VECTOR- 4.80 MILS PK-PK @-TB

ROTATION: CW
RPM(STQRT)- 5212 RPM(END)- 52T3

FIGURE 10.54 STEADY-STATE ORBIT/TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AT 5211 RPM AS SEEN BY RUB

FIXTURE VERTICAL AND HORIZONTAL DISPLACEMENT

PROBES. TOP: UNFILTERED I/3X RUB SIGNAL, BOTTOM: IX

FILTERED SIGNAL. NOTE COMPLEX TOP ORBIT SHAPE (6.68

LB PRELOAD, INBOARD UNBALANCE: .48 GRAMS AT 0

DEGREES AND RADIUS = i.2 IN.).
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BEHTLY
NEVADA
CORP.

PLANT ID: B.R.D.R.C
TRAIN ID: NQSQ RUB

MACHINE ID: ELEC CONTO,CT REF.

RUN 5

PROBE _l IO: RUB PLUNGER
UNFILTERED

ORIENTATION=
MAX AMP-

0 DEG
.20 MILS PK-PK

PROBE _2 ID: RUB ELEC. CONTACT
UNFILTERED

ORIENTATION- 0 DEG
MBX AMP- 6.00 MILS PK-PK

ROTATION: CW
RPM(START)- 5212 RPM(END)- 5212

[!

L

i

i

I

J j

I.

_, FIGURE 10.55 TIMEBASE WAVE PRESENTATION OF I/3X RUB VIBRATION

_i( SIGNALS. TOP: PLUNGER MOTION, BOTTOM: ELECTRICAL

_; _ SIGNAL OF ROTOR-TO-STATOR CONTACT (RUB-RELATED).

" NOTE: COMPLEX ELECTRICAL CONTACT SIGNAL (6.68 LB

__ _ PRELOAD, INBOARD UNBALANCE: .48 GRAMS AT 0 DEGREES

i [ AND RADIUS= 1.2 IN.).
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BENTLY
NEVADB

CORP.

PLANT ID:- B.R.D.R.C
TRAIN ID: NASA RUB RIG

MACHINE ID: RUB ORBITS

RUN $

PROBE tl ID: RUB FIXTURE VERT
UNFILTERED

ORIENTATION-
MRX QMP-

90 DEG
6,60 MILS PK-PK

PROBE s2 ID: RUB FIXTURE HOR

UNFILTERED

ORIENTATION- 0 DEG

MQX AMP- 10,80 MILS PK-PK

ROTATION: CN
RPM(STaRT)- 5637 RPM(ENO)- 5636

RPIP 5¢Iq1_- a._B _IZ._OIV
L t

Tr_F. S(;Rl._,, :ill, m _

i I
i

• °

• °

|

i
-6

I ,

RUN S

PROBE _,I ID: RUB FIXTURE VERT

IX FILTERED
ORIENTATION- 90 DEG

IX VECTOR- 2._0 MILS PK-PK @-357

PROBE =2 ID: RUB FIXTURE HOR
1X _ILTERED

ORIENTATION- 0 DEG
IX VECTOR- 3.70 MILS PK-PK @-82

ROTQTION: CW

RPM(START)- 5639 RPM(END)- 5637

FIGURE 10.56 STEADY-STATE ORBIT/TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AT 5636 RPM AS SEEN BY RUB

FIXTUILE VERTICAL AND HOKIZONTAL DISPLACEMENT

PKOBES. TOP: UNFILTEKED 1/4X KUB SIGNAL, BOTTOM: IX

FILTERED SIGNAL. NOTE: COMPLEX TOP ORBIT SHAPE (6.68

LB PRELOAD, INBOARD UNBALANCE: .48 GRAMS AT 0

DEGREES AND-RADIUS = 1.2 IN.).
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BENTLY
NEVADA

C_RP,

PLANT ID: B.R.D.R.C,

TRAIN ID: NASA RUB
MACHINE ID: ELEC CQNTQCT REF.

RUN 5

PROBE nl ID: RUB PLUNGER

UNFILTERED

ORIENTATION-
MAX AMP-

0 DEG
.I0 MILS PK-PK

PROBE 12 ID: RUB ELEC. CONTACT
UNFILTERED

ORIENTATZON- 0 DEG
MAX AMP- 5.BO MILS PK-PK

ROTATION: CW
RPM(STQRT)- 5635 RPM(END)- 5637

T_-"E S,CRL_:- :Is.'aa J'_J'__V

NO

ConSact

FIGURE 10.57 TIMEBASE WAVE PRESENTATION OF I/4X RUB VIBRATION
SIGNALS. TOP: PLUINGER MOTION, BOTTOM: ELECTPJCAL

CONTACT SIGNAL OF ROTOR-TO-STATOR (RUB-RELATED).

NOTE: COMPLEX ELECTRICAL CONTACT SIGNAL (6.88 LB

PRELOAD, INBOARD UNBALANCE: .48 GRAMS AT 0 DEGREES

AND RADIUS = 1.2 IN.).
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-_-_; BENTLY
NEVADA

,; CORP.

PLANT ID: B.R.D.R.C
TRAIN Ig: NASA RUB RIG
MACHINE ID: RUB QRBITS

RUN 5

PROBE sl[D: RUB FIXTURE VERT
UNFILTERED

ORIENTATION-
MAX AMP-

PROBE #2 ID: RUB FIXTURE HQR
UNFILTERED

ORIENTATION-
MAX AMP-

ROTATION: CN
RPM(STQRT)- 7037 RPM(END)- 7036

IP , ,

r " r

I

: !
" T : : : : .

' , I/
I

F
, i

I

t

!
i ,, |

Oil i i

i, i i , L

| w_v y v*v _,,'ww w v _'--',_- w*; • lw"'T_ - vw

I

I' I
?T.I_ @C.'q&.K- 51. lid rl_'C..zlnY

LIP

- 1

I
| ,,,

90 DEG
1.60 MILS PK-PK

0 DEG
2.30 MILS PK-PK

c

RUN 5

PROBE _I ID: RUB FIXTURE VERT
IX FILTERED

ORIENTATION- 90 DEG
IX VECTOR- 1.60 MILS PK-PK @-7

PROBE #2 ID: RUB FIXTURE HOR

IX FILTERED

ORIENTATION- 0 DEG

!X VECTOR- 2.20 MILS PK-PK @-TOO

ROTATION: C_
RPM(STQRT)- 7037 RPM(ENO)- 7038

FIGURE 10.58 STEADY-STATE ORBIT/TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AT 7030 RPM AS SEEN BY RUB

FIXTURE VERTICAL AND IIORIZONTAL DISPLACEMENT

PROBES. TOP: UNFILTERED 1X SIGNAL, BOTTOM: IX

FILTERED SIGNAL. NOTE: NO RUB, IX UNBALANCE

RESPONSE ONLY (6.(38LB PRELOAD, INBOARD. UINBALANCE:

.48 GRAMS AT 0 DEGREES AND RADIUS = 1.2 IN.).
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BENTLY

NEVADA
CORP.

RUN 5

ORIGINAL PAGE IS
OF POOR QUALITY

PLANT ID: B.R.D.R.C
TRAIN ID: NASA RUB
MQCHINE ID: ELEC CONTACT REF,

L

i

PROBE #IID: RUB PLUNGER
UNFILTERED

PROBE _2 ZD: RUB ELEC. CONTACT
UNFILTERED

OR!ENTATION-
MQX AMP-

OR!ENTATION=
MQX AMP-

ROTATION: CW
RPM(START)- 7029 RPM(END)- 7027

L .....
I t

0 DEG

0,00 MILS PK-PK

0 DEG
0,00 MILS PK-PK

FIGURE 10.59 TIMEBASE WAVE PRESENTATION OF VIBRATION SIGNALS.

TOP: PLUNGER MOTION, BOTTOM: ELECTRICAL SIGNAL OF

L ROTOR-TO-STATOR CONTACT (RUB-RELATED). NOTE: NO
PLUNGER MOTION, NO ELECTRICAL CONTACT (RUB)(6.68 LB

PRELOAD, INBOARD UNBALANCE: .48 GRAMS AT 0 DEGREES

L AND RADIUS = 1.2 IN,).231



BENTLY
ROTOR DYNQM rr_. ,o*.._

RESEARCH CORP,

RUNUP

RUN 6

PLANT ID:
TRAIN ID:
MACHINE ID:
PROBE ID:

@,.$X

°

BRDRC
NASA RUB
ROTOR KIT
RUB HOR

FIGURE 10.60 CASCADE PLOT OF ROTOR VIBRATION RESPONSE DURING
RUN-UP AS SEEN BY RUB FIXTURE HORIZONTAL DISPLACE-
MENT PROBE. NOTE SIGNIFICANT EXCITATION OF SUB-

SYNCRRONOUS COMPONENTS GENERATED BY RUB (I0.03LB
PRELOAD, INBOARD UNBALANCE. .48 GRAMS AT 0 DEGREES
AND RADIUS = 1.2IN.).
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BENTLY
ROTOR DYNAMICS
RESEARCH CORP.

RUNUP

PLANT ID:
TRAIN ID:
MACHINE ZD:
PROBE !D:

BRDRC
NASA RUB
ROTOR KIT
RUB HOR

RUN 6

kCI:_

FIGURE 10.61 CASCADE PLOT OF ROTOR VIBP_+TION RESPONSE DURING
RUN-UP AS SEEN BY RUB FIXTURE HORIZONTAL DISPLACE-
MENT PROBE+ NOTE: THIS IS THE SAME DATA AS IN FIGURE

, + Ji



t ORIGINAL PAGE IS
!m: OF POOR QUALITY

BENTLY
ROTOR DYNQMZCS
RESEARCH CORP.

RUNUP

_LQNT ZD:
TRQIN !D:
MQCHINE ID:-
PROBE ID:

BRDRC
NaSA RUB
ROTOR KIT
RUB QCCEL

RUI_ 6

i_.SX
/

tl_, : ..' :
', . o

, •, _ "oB_
L_)- - , -,

, _ _v_ ."• , -
• ,, , ' A- . i

_, .. ., _
p ,

r

o#

,° -}
..t

'1"

, , • rLj

,c "',,- " "--' i ,l_ .... : ,,r" ." . _-_
,_ '... ;,.' - : ,

.,:.. , ._. ._-
/ /

/

• C , "-- , - : ,,- " " , i I i

IW
, :

,r.,1

",,a.
;f-

_l_;'_:;:"' " _ " - " '- ' :....... I ......... I

FIGURE i0.62 CASCADE PLOT OF ROTOR VIBRATION RESPONSE DURING
RUN-UP AS SEEN BY ACCELEROMETER MOUNTED ON
PLUNGER MECHANISM. NOTE: PROGRESSIYE LACK OF
COMPONENTS AND VERY SMALL AMPLITUDES ABOVE I0
KCPM (10.03LB PRELOAD, INBOARD UNBALANCE: .48GRAMS
AT 0 DEGREES AND RADIUS = 1.2IN.).

234

!

I

t



BENTLY
ROTOR DYNAMICS.
RESEARCH CORP.

RUNUP

PLANT [D :
TRAIN ID :
MACHZNE ID:
PROBE ID:

ORIGINAL PAGE IS

OF POOR QUALITY

BRDRC
NQSA RUB
ROTOR KIT
RUB _'ACC_

RUN 6

.4

) "- -- r "

_ ................... ._.--.,,,,., ........... ' ........ I

1

i,

!..a

' {,,j

J

_, FIGURE 10.63 CASCADE PLOT OF ROTOR VIBRATION RESPONSE DURING
RUN-UP AS SEEN BY ACCELEROMETER MOUNTED ON
PLUNGER MECHANISM. DATA IS FROM THE SAME RUN AS

FIGURE i0._2 WITH WIDER FREQUENCY RANGE. NOTE:
PRESENCE OF HIGHER ORDER COMPONENTS (10.03 LB

_, PRELOAD, INBOARD UNBALANCE: .48GRAMS AT 0 DEGREES

il AND RADIUS = 1.2 IN.). _35 ! 1



BENTLY
NEVADA
CORP.

PLANT ID: B.R.D.R.C
TRAIN ID: NASA RUB RIG

MACHINE ID: RUB ORBITS

RUN. 6

PROBE sl ID: RUB FIXTURE VERT

UNFILTERED

:ROBE s2 [D:' RUB FIXTURE HOR
UNFILTERED

ORIENTATION- 90 DEG
MAX AMP- 12.50 MILS PK-PK

ORIENTATION-
MQX RMP-

0 DEG
1.GO MILS PK-PK

I
I
k

RCTATION: CW
PP,(START)- _581 PP,(END)- 1582

.r , I

,

im

I

k/i

_ ' J_T! - ' '

i _,v

K . z-- _ . , _ "_ '" -:

I '_ v ',,, . , t .

I - !
, $

i

LII , • ,

i

I
, i ,, - - [

I

I
f , L

t I "

, ; [ , ,

i i
- _ ! L "

X .i ±t=. /' "., ,. . \ i

, _. • , ]

i

PROBE _I ID: RUB FIXTUR_ VERT
iX FILTERED

PROBE _2 ID: RUB FIXTURE HOR

i

i

I

ORIENTATION- 90 DEG
IX VECTOR- 12.90 MILS PK-PK %-254

ORIENTATION-
IX VECTOR-

0 DEG
I.;0 MILS PK-PK @-331

;!

#IX FILTERED
,,.,.,,

ROTATION : CW ,.-
I ; RPM(START)- 158'_ RPM(ENO)- 1582 J

i FIGURE 10.64 STEADY-STATE OR.BIT/TIMEBASE WAVE OF ROTOR
VIBIKATIONAL RESPONSE AT 1582 I%PM AS SEEN BY RUB --
FIXTUB.E VERTICAL AND IIORIZONTAL DISPL&CEMENT
PROBES. TOP: UNFILTERED 1X RUB SIGNAL, BOTTOM: iX "

FILTERED SIGNAL. NOTE: UNFILTERED ORBIT SHOWS

SMALL 2X COMPONENT, MOTION OF ROTOR S_IAFT IS

PRIMARILY IN THE VERTICAL PLANE (10.03 LB PI%ELOAD,
INBOARD UNBALANCE: .48 GRAMS AT 0 DEGREES AND

RADIUS = 1.2 IN.).
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BENTLY
NEVADA
CORP.

PLANT ID: B.R.D.R.C
TRRIN ID: NQSQ RUB
HRCHINE ID: ELEC CONTQCT REF.

RUN 6

PROBEs1 ID: RUB PLUNGER
UNFILTERED

ORIENTATION- 0 DEG
MAX AMP- 0.00 MILS PK-PK

PROBE _2 ID: RUB ELEC. CONTQCT
UNFILTERED

ORZENTQTZON- 0 DEG
MAX _MP- 5.G0 MILS PK-PK

ROTATZCN: CW
RPM(START)- 1587 RPM<END)- 1588

i
• L

• I
i

_.,.." - _ _ _ _
'_._ t'_

m ,.,

, ,I

1
F

.i
_-_ :_,nk.._m _. IR ,_._,.C,_,,_X_' I

L -'_ "*- Rub
i t I

, INo
Con=act

FIGURE 10.65 TIMEBASE WAVE PRESENTATION OF IX RUB VIBRATION
SIGNAL. TOP: PLUNGER MOTION, BOTTOM: ELECTRICAL
SIGNAL OF ROTOR-TO-STATOR CONTACT (RUB-RELATED).
NOTE: NO DETECTION OF PLUNGER MOTION, SMALL 2X
COMPONENT SHOWN BY ELECTRICAL CONTACT SIGNAL

0.03 LB PRELOAD, INBOARD UNBALANCE: .48 GRAMS AT 0
EGREES AND RADIUS = 1.2IN.).
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BENTLY
NEVQD_

CGRP,

RUN 6

PLANT ZD: B.R.D.R.C
TRAIN ID: NASA RUB RIG
MACHINE rD: RUB ORBITS

PROBE 11 ID: RUB FIXTURE VERT
UNFILTERED

_R_BE 12 ZD: RUB FIXTURE HOR
UNr ILTZRED

RCTQ'FZON: CN
S,_R!) =

,, ir

• P

I

. ;_

ii
' l'i

-_ _ I. i i I

;%:3 RP_(END)- _6;2

ORIENTATION- 90 DEG
MAX QMP=.I4,BO MILS PK-PK

ORIENTATION X- 0 DEG
MAX AMP- 3.00 MILS PK-_K

. _ -,..2
, ,.,= . . L-

, ,,_i ", / - -- k / Ki
.... iI

! 1
I ' '1

,,_r _,- ._.r- i
I

!

P ,,

'_i .- ", i- --,! _ -
' I. , ,i, . ,, IT= J i I

• • _ ," t C

.4;,
t,

RUN 6

PROBE 1,,IID: RI]B FIXTURE VERT
'.X FILTERED

ORIENTATION- 90 DEG
IX VECTOR- 14.50 MILS PK-PK %-294

PROBE _2 ID: RUB FIXTURE HOR
IX FILTERED

OR!ZNTRTION= 0 DEG

IX VECTOR- I._0 MILS PK-PK _-186

ROTATION: CW
RP_(START)- I_12 RP_(END)- 1613

FIGURE I0._ STEADY-STATE ORBIT/TIMEBASE WAVE OF ROTOR.
VIBRATIONAL RESPONSE AT 1612 RPM AS SEEN BY RUB
FIXTURE VERTICAL AND HORIZONTAL DISPLACEMENT
PROBES. TOP: UNFILTERED IX RUB SIGNAL, BOTTOM: 1X
FILTERED SIGNAL. NOTE: PRIMARILY VERTICAL ROTOR
SHAFT MOTION AND 180 DEGREE PHASE CHANGE FROM THE
ORBIT IN FIGURE 10.64 (10.03 LB PRELOAD, INBOARD
UNBALANCE: .48 GRAMS AT 0 DEGP,._ES AND RADIUS = 1.2

IN.).
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OF POOR QUALITY

BENTLY
NEVQD_

C_RP,

PLANT ID: B.R.D.R.C

TRAIN ID: NASA RUB
HACHINE ID: ELEC CONTACT REF.

RU_ 6

PRBBE #IID: RUB PLUNGER
UNFILTERED

:RCBE #2 :D: RUB ELEC. CZNTACT
UNFILTERED

ORIENTATION-
MAX AMP-

CRZENTATZON-
MAX AMP-

RCT_T:3N: C_
'607 RPM(ZND)- 1609

i
l

,m

I T , i
I

- !
i

.Will

i.

_" 2._ mIZ..,_OL"_ TI_ 5,C.RL_,,

_--.Rub

No

Con_:act

0 DEG
0,00 HIES PK-PK

O DEG
5,60 MILS PK-PK

i,_ , ,"

FIGURE 10.67 TIMEBASE WAVE PRESENTATION OF 1X RUB VIBRATION

SIGNALS. TOP: PLUNGER MOTION, BOTTOM: ELECTRICAL

SIGNAL OF ROTOR-TO-STATOR CONTAC_ (RUB-RELATED).

NOTE: NO DETECTION OF PLUNGER MOTION, 2X COMPO-

NENT SHOWN BY ELECTRICAL CONTACT SIGNAL (10.03 LB
PRELOAD, INBOARD UNBALANCE: .48 GRAMS AT 0 DEGREES

239 .



BENTLY
NEVADA
CgRP.

TRAIN ID: NASA RUB RIG
MACHINE ID: RUB ORBITS

RUN 6

PROBE _I !D: RUB FIXTURE VERT
UNFILTERED

ORIENTATION-
MAX AMP-

PROBE _2 ID: RUB FIXTURE HOR
UNFILTERED

ORIENTATION-
MAX QMP-

ROTATZCN: CW
RPM(START)- IB30 RPM(END)- 1930

P

D

i

• I

I

: : I
i

S(_=ml._- ,_._ _I).._OI_

I

' [ r m _ I

¢

I : )

i
t

l

i

L ji r I

T _ _CI%.K- Z'.. _a _lllV

RUN 6

PROBE ul ID: RUB FIXTURE VERT
IX FZLTERED

PROBE _2 !D: RUB FIXTURE HOR

IX FZLTERED

ROTATION: CW
RPM(START)= I_32 RPM(END)-- 1932

ORIENTATION-
IX VECTOR-

ORIENTAT!ON-
!X VECTOR-

90 DEG.
.90 MILS PK-PK

0 DEG

6,40 MILS PK-PK

ORIGINAL PAGE IS
OF POOR QUALITY

¢)

90 DEG
.90 MILS PK-PK %-175

0 DEG
5.70 MILS PK-PK _-13

. _ &.,

. li
f

• ?

Q_

E

") ,

|

FIGURE 10.88 STEADY-STATE ORBIT/TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AT 1930 RPM AS SEEN BY RUB

FIXTURE VERTICAL AND HORIZONTAL DISPLACEMENT

PROBES. TOP: UINFILTERED IX RUB SIGNAL, BOTTOM: IX
FILTERED SIGNAL. NOTE: PREDOMINANT IX COMPONENT

WITII ROTOR SIqAFT MOTION PRIMARILY IN HORIZOINTAL

PLANE (10.03 LB PRELOAD, INBOARD UNBALANCE: .48 GRAMS

AT 0 DEGREES AND RADIUS ._ 1.2 IN.).
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BENTLY
NEVADA
CORP.

PLANT iD: B.R.D.R.C
TRAIN ID: NASA RUB

MACHINE ID: ELEC CONTACT REF.

RUN 6

PROBE iI ID: RUB PLUNGER
UNFILTERED

ORIENTATrON-
MAX AMP-

PROBE _2 _O: RUB ELEC. CONTACT
"_rTJTZRED

ORIENTATION"
MAX AMP"

ROTAT -'_
RPM(START) - 1937 RPM(END)- 1938

5_a..i_,,,I._ M_..._OL'_

I
i H •

L ,
i _ .,.-- Rub

'iq
' NO

Contact

0 DEG
•I0 MILS PK-PK

0 DEG

4.9C ""_ PK-PK

.

L

[

FIGURE 10.69 TIMEBASE WAVE PRESENTATION OF IX RUB VIBRATION

SIGNALS. TOP: PLUNGER MOTION, BOTTOM: ELECTRICAL

SIGNAL OF ROTOR-TO-STATOR CONTACT (RUB-RELATED).

NOTE: VERY SMALL PLUNGER MOTION, ELECTRICAL CON-

TACT SIGNAL SHOWS IX COMPONENT (10.03 LB PRELOAD,
INBOARD UNBALANCE: .48 GRAMS AT 0 DEGREES AND

RADIUS = 1.2 IN.).

241



BENTLY
NEVADA
CgRP.

PLANT ID: B.R.O.R.C
TRAIN ID: NASA RUB RIG
MACHINE ID: RUB ORBITS

RUN 6

PROBE _i ZD: RUB FIXTURE 9ERT
UNFILTERED

ORIENTATION-
MAX AMP-

90 DEG
5.S0 MILS PK-PK

PROBE 12 ZD: RUB FIXTURE HOR
U_Tt T_R_

1,1 _, _

OR!ENTQTION= 0 DEG
MAX AMP- 11.50 MILS PK-PK

ROTATION: _
RPM(START)- 3989 RPM(END)- 3990

IP

i ,,i
: I

f , !
i , m i,

/-" _',. "L" -- _

• --'--'_,_,,. t- , -----.---- __-"---'--.-<
I

I' ' t
nm

; .I

,_ Lll

i
• i i i , , , ,, i

ii
i - 7 - .__ -L.." --- '
I ' t
i !, , 1

- - im, ,,

E " I"

l , 1
"S_:ti E_"2. l_i ."IIZ.B./Q 1.'VI

! I
' I

I'_'nt sc_l_, lt. lti-'_v :" I

'GI

""t

I
(

• i

I

..t

_, t,,
l

i

I

i
• i

!

. I

' I

RUN 6

PROBE _I ID: RUB FIXTURE VERT
IX FILTERED

ORIENTATION- 90 DEG
IX VECTOR- 3,G0 MILS PK-PK @-197

PROBE #2 ID: RUB FIXTURE HOR
IX FILTERED

ORIENTATION- 0 DEG
IX VECTOR- 2,90 MILS PK-PK @-32l

ROTATION: CW

RPM(START)-

FIGURE 10.70

3988 RPM(END)- 3990

STEADY-STATE ORBIT/TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AT 3990 RPM AS SEEN BY RUB

FIXTURE VERTICAL AND I{ORIZONTAL DISPLACEMENT

PROBES• TOP: UNFILTERED I/2X RUB SIGNAL, BOTTOM: IX
FILTERED SIGNAL. NOTE: UNFILTERED ORBIT S_OWS

STRONG 1/2X COMPONENT (t0.03 LB PREEOAD, INBOARD
UNBALANCE: .,iSGRAMS AT 0 DEGREES AND RADIUS = 1.2

IN.).
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L:

3ENTLY
NEVADA
C_]RP. -

RUN .6

PLANT iD: B.R.D.R.C
TRAIN !D: NASA RUB
MACHINE ID: ELEC CONTACT REF.

k

PROBE #I [D: RUB PLUNGER
UNFILTERED

PROBEs2 ZD: RUB ELEC. CONTACT
UNFILTZRE_

ROTATION: CW
RPM(START)- 3996 RPM(END)=

ORIENTATION-.
MAX AMP-

ORIENTATION-
MAX AMP-

3995

0 DEG
.I0 MiLS PK-PK

0 DEG
5.80 MILS PK-PK

L

I

I

I

i

lm le

I

L,

FL T
l

{

! -- / ' I

i

i
I

No

Con_:ac_:

i _ Rub

: L

I_. NI _l_¢,.'II:{v

[

[

L

L

!

FIGURE I0.71 TIMEBASE WAVE PRESENTATION OF I/2X RUB VIBRATION
SIGNALS. TOP: PLUNGER MOTION, BOTTOM: ELECTRICAL

SIGNAL OF ROTOR-TO-STATOR CONTACT (RUB-RELATED).

NOTE: ELECTRICAL CONTACT SIGNAL SHOWS STRONG 1/2X

COMPONENT WITH A LONG PERIOD OF RUB (10.03 LB PRE-
LOAD, INBOARD UNBALANCE: .48 GRAMS AT 0 DEGREES AND

RADIUS = 1.2 IN.).
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BENTLY
NEVADA
CORP.

PLANT ID: B.R.D.R.C
TRAIN ID: NASA RUB RIG.
MACHINE !D: RUB ORBITS

RUN 6

PROBE el ID: RUB FIX;URE VERT
UNFILTERED

ORIENTATION- 90 DEG

MAX AMP- 5.10 MILS PK-PK

PROBE s2 ID: RUB FIXTURE HOR
UNFILTERED

ORIENTATION- 0 DEG
MAX AMP- 13.40 MILS PK-PK

ROTATION: C_
RPM(STRRT)- 5836 RPM(END)- 5836

SterE. _._ mI_OIV

,Jp

i

i

m

I

i ' ' " |

- I
I

1
' t

I

k

.RUN 6

PROBE ,I ID: RUB FIXTURE VERT
_X FILTERED

PROBE ,2 !D: RUB FIXTURE HOR
IX FILTERED

ROTATION: CW
RPM(ST_RT)-

ORIENTATION-

IX VECTOR-

FIGURE 10.72

ORIENTATION-
IX VECTOR-

90 DEG

1.90 MILS PK-PK @-8

0 DEG
3.20 MILS PK-PK @-71

5840 RPM(END)- 5839

STEADY-STATE ORBIT/TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AT 5836 RPM AS SEEIN BY RUB

FIXTURE VERTICAL AND HORIZONTAL DISPLACEMENT

PROBES. TOP: UNFILTERED I/3X RUB SIGNAL, BOTTOM: IX
FILTERED SIGNAL. NOTE: UNFILTERED ORBIT INDICATES

STRONG I/3X COMPONENT (10.03 LB PRELOAD, INBOARD
UNBALANCE: ,48 GRAMS AT 0 DEGREES AND RADIUS = 1.2

IN.).
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SENTLY

NEVADA
CC]RP.

RUN. 6

PLANT !D: B.R.D.R.C.
TRAIN ID: NASA RUB ' '
MACHINE ID: ELEC CONTACT REF.

PROBE _I ID: RUB PLUNGER
UNFILTERED

ORIENTATION-
MAX AMP-

PROBE #2 IO: RUB ELEC. CONTACT
UNFILTERED

ORIENTATION-
MAX AMP-

ROTATION: CN
RPM(START)- 58a9 RPM(END)- 5850.

0 DEG
.40 MILS PK-PK

0 DEG
5.70 MILS PK-PK

FIGURE 10.73 TIMEBASE PRESENTATION I/3X RUB VIBRATION SIGNALS.

TOP: PLUNGER MOTION, BOTTOM: ELECTRICAL SIGNAL OF

ROTOR-TO-STATOR CONTACT (RUB-RELATED). NOTE:

PLUNGER MOTION STILL QUITE SMALL, ELECTRICAL

CONTACT SIGNAL INDICATES I/3X COMPONENT AS SEEN IN

FIGURE 10.72 (10.03 LB PRELOAD, INBOARD UNBALANCE: .48

GRAMS AT 0 DEGREES AND RADIUS = 1.2 IN.).
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3.) mO

/
/

/

"_CONTACT TIME

ROTATION CLOCKWISE

UNBALANCE

SKAFT CENTERLINE SECTION

FIGUI_E 10.74 STEADY-STATE UNFILTERED ORBIT OF THE ROTOR
VIBRATIONAL RESPONSE AT 1574 RPM AS SEEN BY THE RUB
FIXTURE VERTICAL AND HORIZONTAL DISPLACEMENT
PROBES. THE SAME ORBIT AS IN FIG. 10.32. RUB CONTACT

A-15% OF ROTATIONAL PER/OD) AND UNBALANCE POSITIONS
RE INDICATED. Ix RUB. THE ORBIT IS REVERSED AND

SIGNIFICANTLY I%IOD!FIED FROM THE ORIGINAL CIRCULAR

SHAPE (3.34 LB. PLUNGER PRELOAD, UNBALANCE: 0.48
GRAMS, O DEGREES, INBOARD, RADIUS = 1.2IN.).

{

2.1 ml

CONTAC I TIME

EOTATION CLOCKWISE

FIGURE 10.75

UNBALANCE

SIIAFT CENTERLINE SECTION

STEADY-STATE UNFILTERED ORBIT OF THE ROTOR
VIBRATIONAL RESPONSE AT 1604 RPM AS SEEN BY THE RUB
FIXTURE VERTICAL AND HORIZONTAL DISPLACEMENT
PROBES. THE SAME ORBIT AS IN FIG. 10.34. RUB CONTACT

(-13% OF ROTATIONAL PERIOD) AND UNBALANCE POSITIONS
ARE INDICATED. Ix RUB. THE ORBIT HAS AN EXTERNAl,

LOOP O.34 LB. PRELOAD, UNBALANCE: 0.48 GRAMS, 0
DEGREES, INBOARD, RADIUS = 1.2IN.).
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UNBALANCE

./
SHAFT CENTERLINE SECTION

3.9 ms CONTACT TIME

i
t

ROTATION CLOCKWISE

FIGURE 10.76 STEADY-STATE UNFILTERED ORBIT OF THE ROTOR
VIBRATIONAL RESPONSE AT 1915 P_IV[ AS SEEN BY THE RUB
FIXTURE VERTICAL AND HORIZONTAL DISPLACEMENT
PROBES. THE SAME ORBIT AS IN FIG. 10.36. RUB CONTACT
(-125%OF ROTATIONAL PERIOD) AND UNBALANCE POSITIONS
ARE INDICATED. I× RUB. THE ORBIT IS REVERSE (3.34 LB.
PLUNGER PRELOAD, UNBALANCE: 0.48 GRAMS, 0 DEGREES,
INBOAI%D, RADIUS = 1.2IN.).

ROTATION CLOCKWISE

13.3 ms

UNBALANCE

SHAFT CENTERLINE SECTION

CONTACT TIME

FIGUP_E 10.77 STEADY-STATE UNFILTERED ORBIT OF THE ROTOR
VIBRATIONAL RESPONSE AT 3918 RPM AS SEEN BY THE RUB
FIXTURE VERTICAL AND HORIZONTAL DISPLACEMENT
PItOBES. THE SAME ORBIT AS IN FIG. 10.38. RUB CONTACT

(-87% OF ROTATIONAL PERIOD) AND UNBALANCE POSITIONS
ARE INDICATED. lx RUB. ORBIT FORWARD (3.34 LB.
PLUNGER PRELOAD, UNBALANCE: 0.48 GRAMS, 0 DEGREES,
INBOARD, RADIUS = 1.2IN.).
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FIGURE 10.78

UNBALANCE

_, CONTACT TIME

/
I

ROTATION CLOCKWISE

SHAFT CENTERLINE SECTION

STEADY-STATE UNFILTERED ORBIT OF THE ROTOR
VIBRATIONAL RESPONSE AT 1584 RPM AS SEEN BY THE RUB
FIXTURE VERTICAL AND HORIZONTAL DISPLACEMENT
PROBES. THE SAME ORBIT AS IN FIG. 10.46. THE SAME

ORBIT AS IN FIG. 10.46. RUB CONTACT (-16% OF
ROTATIONAL PERIOD) AND UNBALANCE POSITIONS ARE
INDICATED. Ix RUB. ORBIT HAS AN EXTERNAL LOOP (6.68
LB. PLUNGER PRELOAD, UNBALANCE: 0.48 GRAMS, 0
DEGREES, INBOARD, RADIUS = 1.2 IN.). COMPARE WITH
FIGURE 10.74.

SHAFT CENTERLINE SECTION

UNBALANCE

CONTACT TIME

ROTATION CLOCKWISE

FIGURE 10.79 STEADY-STATE UNFILTERED ORBIT OF THE ROTOR
VIBRATIONAL RESPONSE AT 1612 RPM AS SEEN BY THE RUB
FIXTURE VERTICAL AND HORIZONTAL DISPLACEMENT
PROBES. THE SAME ORBIT AS IN FIG. 10.48. RUB CONTACT

(.21% OF ROTATIONAL PERIOD) AND UNBALANCE POSITIONS
ARE INDICATED. lx RUB. ORBIT REVERSE (6.68LB. PLUNGER
PRELOAD, UNBALANCE: 0.48 GRAMS, 0 DEGREES, INBOARD,
RADIUS = 1.2IN.). COMPARE WITH FIGURE 10.75.

248

l'

l

i

t

I

.t

• i
J

1

"!i

ii

t

)



SHAFT CENTERLINE SECTION
i

UNBALANCE
i MIL

t.s m, CONTACT TIME

ROTATION CLOCKWISE

FIGURE 10.80 STEADY-STATE UNFILTERED ORBIT OF THE ROTOR
VIBRATIONAL RESPONSE AT 1986 RPM AS SEEN BY THE RUB
FIXTURE VERTICAL AI_D HORIZONTAL DISPLACEMENT
PROBES. THE SAME ORBIT AS IN FIG. 10.50. RUB CONTACT

A-5% OF ROTATIONAL PERIOD) AND UNBALANCE POSITION'S
RE INDICATED. ix RUB. ORBIT REVERSE (6.68LB. PLUNGER

PRELOAD, UNBALANCE: 0.48 GRAMS, 0 DEGREES, INBOARD,
RADIUS = 1.2IN.). COMPARE WITH FIGURE 10.76.

_ ITNBALANCE

__-'- SHAFT CENTERLINE SECTION

ROTATION CLOCKWISE __/

6,2 ms
1 MIL

CONTACT TIME

FIGUILBI0.81 STEADY-STATE UNFILTERED ORBIT OF THE ROTOR
VIBRATIONAL RESPONSE AT 3924 RPM AS SEEN BY THE RUB
FIXTURE VERTICAL AND HORIZONTAL DISPLACEMENT

PROBES. THE SAME ORBIT AS IN FIG. 10.52. RUB CONTACT
(.41% OF ROTATIONAL PBR/OD) AND UNBALANCE POSITIONS

_;_ ARE INDICATED. 1/2 RUB. ORBIT FORWARD (6.681B
t!r PLUNGER PRELOAD, UNBALANCE: 0.48 GRAMS, 0 DEGREES,
F<

L INBOARD, RADIUS = 1.2IN.). COMPARE WITH FIGURE 10.77.
F_
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SKAFT CENTER.LINE SECTION

ROTATION CLOCKWISE

/ UNBALANCE

I MIL

CONTACT TIME

FIGURE 10.82 STEADY-STATE UNFILTERED ORBIT OF THE ROTOR
VIBRATIONAL RESPONSE AT 5212 RPM AS SEEN BY THE RUB
FIXTURE VERTICAL AND HORIZONTAL DISPLACEMENT
PROBES. THE SAME ORBIT AS IN FIG. 10.54. RUB CONTACT

(-35% OF ROTATIONAL PERIOD) AND UNBALANCE POSITIONS
ARE INDICATED. I]3 RUB. FOB.WAR/) LOOPS ON THE ORBIT
(6.68 LB. PLUNGER. PRELOAD, UNBALANCE: 0.48 GRAMS, 0
DEGREES, INBOARD, RADIUS = 1.2IN.).

SHAFT CENTERLINE SECTION

ROTATION CL0

io.o m, CONTACT TIME

I MXL

FIGUKE10.83 STEADY-STATE UNFILTERED ORBIT OF THE ROTOR
VIBRATIONAL RESPONSE AT 5636 RPM AS SEEN BY THE RUB
FIXTURE VERTICAL AND HORIZONTAL DISPL.:,CEMENT
PROBES. TEE SAME ORBIT AS IN FIG. 10.56. RUB CONTACT
94% OF ROTATIONAL PER/OD) AND UNBALANCE POSITIONS

INDI'CATED. 1/3 RUB. FORWARD LOOPS ON THE ORBIT
.68 LB. PLUNGER PRELOAD, UNBALANCE: 0.48 GRAMS, 0
GREES, INBOARD, RADIUS = 1.2IN.).
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PLUNGER
PI_LOAD

ILs]

3.34

i,
.. I i i I ; •

, i i , Y

t i f o , , .

.i
• . . i

i • I , ' ! i

4",' : ':
F';:;li]
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i
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I '_-II _. I I

', , :;Wil

I I -.--.. i i , ' - !

1500 2000 3500 4000 5500 6000
ROTATIVE SPEED [RPM]

FIGURE 10.84 SHAFT RESPONSE ORBITS FOR VARIOUS ROTATIVE SPEEDS

AND PLUNGER PI:tELOADS (STATOR COMPLIANCE). DATA
FROM RUN 3 TO 6 PRESENTED IN FIGURES 10.2S TO 10.72.

ORBIT AMPLITUDE SCALE: 2 MILS PER DIVISION.
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ROTOR SHAFT VERTICAL

DISPLACEMENT PROBE

RUB RING DISPLACEMENT PROBE

VERTICAL FOSIT_ON/PRELOAD ADJUSTMENT

HORIZONTAL POSITION/PRELOAD

ADJUSTMENT

ROTOR SHAFT HORIZONTAL

DISPLACEMENT PROBE

160 ° RUB RING _

VERTICAL POS[TION/PRELOAD

ADJUSTMENT

I IIORI ZONTAL PO$ I T ION I P lieLOAD
ADJUSTMENT

FIGURE 10.85 360 DEGREE MULTIPLE PARTIAL RUB TEST FIXTURE
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I\:
A- Electric _otor

B - Flezible Coupling

C- Inboard Bronze Bearing
D - Electri_al Corn,tact Device

E - Inboar_ X - Y Mspiaceme_. Probe Mount

F- L_b_ard Mass

G - Outboard X - Y Displacement Probe Mou=t

K- Outboard Y.ass

I - 360_Rub Fixture/)=- Y Displacement Probes

J"- Outboard Bronze Bearing

K - Rotor Shalt

L- R_tor Base

A C _ F G H I J
.J/=

i

,,=-.2.5" ..=.

5.5"

6.25"

"_ 16.75"

"_ 17.5"

"= 18.75"

t 23.25" =

25" ='-

(
t

L

I

FIGURE 10,86 MULTIPLE PARTIAL RUB TEST SYSTEM WITH 360 DEGREE
RUB FIXTURE
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1.0 VOLT/DIV

0.2 VOLT/MIL

7.5 MIL RADIAL

CLEARANCE

UNFILTERED ORBIT OF RUBBING ROTOR IN 360 ° FIXTURE

AS OBSERVED BY THE OUTBOARD X-Y DISPLACEMENT PROBES,

4128 RPM, SHAFT ROTATION CLOCKWISE.

_I 1680 RPM _ 4128 RPM N I
= = =

o 0.41x 0% RUNNING SPEED ..m
, ix

e,,l ,,_ ,-¢

FIRST BALANCE RESONANCE OF THE

SYSTEM WITHOUT RUB = 1590 RPM

t • t •

FIGURE 10.87

SECOND BALANCE RESONANCE OF THE

SYSTEM WITHOUT RUB = 4220 RPM

(BOTH SPECTRA ARE THE SAME

DATA WITH DIFFERENT MARKER POSITION)

a)yUNFILTERED ORBIT OF RUBBING ROTOR AS OBSER.VED
THE OUTBOARD X-Y DISPLACEMENT PROBES AT 4128

RPM. CLOCKWISE SHAFT ROTATION. UNBALANCE: .5
GRAMS AT 225 DEGREES, RADIUS = 1.2", OUTBOARD. (b)
STEADY STATE SPECTRUM OF RUBBING ROTOR RESPONSE
AT 4128 RPM. NOTE LARGE SUBSYNCHRONOUS
COMPONENT DUE TO EXCITATION OF SYSTEM FIRST
BALANCE RESONANCE.
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11. MATHEMATICAL MODEL OF THE RUBBING ROTOR
SYSTEM.

II.i InitialAssumptions

In the mathematical modelling of the rubbing rotor the modal concept is applied. The
rotor model is limited to the first three lateral modes. At the first approximation, the
rotor is considered laterally symmetric (isotropic). • Four axial point locations of
rotor-to-stator rub are considered in the model. Since rub most probably occurs at the
seal locations, the additional flow-related forces are introduced in the model. The rub

forces included in the model describe the main physical phenomena taking place when
rotor-to--stator rub occurs, namely friction, system stiffness modificati()ns, and impacting.
The rub forces are expressed in an "averaged" sense, explained below.

The physicalmodel of the rotorispresentedin Figure 11.1. Sincethreelateralmodes are
taken into consideration,the model containsthreemodal masses (MI, M2, M._). Kl,...,Kz
are rotormodal stiffnesses.Note that the model does not correspondto the classicalmodal
model. The classicalmodal approach would have each mode uncoupled from the others,
with only one modal mass and one stiffnessfor each mode. The model consideredhere is
more complex, however limitedto threecoupled modes. The modal masses and stiffnesses
can be obtained from the numerical analysis(using transfermatrix or finiteelement
methods, followedby reductionto three modes), and/or identifiedfrom the experiment,
usingthe dynamic stiffnessconceptoutlinedin Chapter 5.

11.2 Mathematical Model

The equations representing the balance of forces at the mass locations 11, z2, z3 and at the

locations where rub potentially occurs, zI, z_, z3, z4 (see Zig. 11.1) are as follows:

MlZl + Kl(zr"zl) + K2(11-_2) + DsI_I = mlrlw_e j(_÷el) + Pie j71 (11.1)

9

M_ + K3(-_-_.2)+ K,(,_-h)+ Ds_._= m2r_eJ(_+_2)+ P_eJ_ •(11.2)

M3_.3+ K5(z3-_-_)+ Ks(zr-_.,)+ Ds_ = m_r_e j(_t'1"_3)+ P_ejT_ (11.s)

K1(_r-z,)+ Ft = 0 (11.4)

K_(_.r-z0+ K_(_r-z_)+ F_= 0 (ii.5)

K4(Y,rz_) + K_(_.a-z_) + F_ = 0 01._)

K_(_-z_) + Kz_.4+ Fi = 0 (11.7)

where

zi--xi + JYi'

02280

j = V_'_'I", i = 1,2,3
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are radial (lateral) displacements of the shaft centerline at corresponding axial locatioas

(x-horizontal, y - vertical), consolidated in ore complex variable. Dsi , i = 1,2,3 ar_.

J_i
modal damping coef_cients; mirie are modal unbalance vectors(mi, ri, _i are masses,

radiuses and unbalance angular locations respectively), _ is rotative speed, Pi eJ'Yi are

constant radial force vectors (Pi are amplitudes, ,7i are angular positions).

The rub and fluid forces are described by the functions Fi, and impact velocity

relationships:

Fi--fi [Kri(I zil-Ci)(l+J_ )]ej6i + Di(_i/si-JAi_zi) ÷ Kbizi' (11.8)

i = I, 2, 3, 4

where Ci, is the rotor/stator radial clearance. The functions fi describe the timing of

"contact" (fi - 1 forl_il>Ci) versus "no contact" "(fi = 0 for[_.il<Ci). The function

Kri(l_il- Ci) describes the radially applied additional Stiffness force due to contact with

the stationary part. It also represents the rotor/stator normal force. Kri is the stator

stiffness. _ are friction coefficients at rubbing surfaces. The function Kri(l_. i I- Ci)J _

models the tangentially directed friction force. The angles 6i indicate rub angular location

(Figs.11.2and 11.3):

It is assumed that the rubbing spot occurs at the extension of the rotor aud stator center
lines.

The coef:fidentsDi, Kbi, and Ai representthe fl_iddynamic forcesin bearingsand seals.

They are fluidfilmradialdumpings, stiffnesses,and averagecircumferentialvelocityratios

respectively.Di, Kbi, and Ai are nonlinearfunctionsof the shaft radial deflections

[zi[-/x_+ p2 Eq. (11.8) describes also the impacting condition when

rotor-to-statorcontact occurs; s is the coefficientof restitutionquantifying the
irreversibleenergy losses due to impacting. (For more advanced models, due to
rotation-relatedhigh tangentialvelocitycomponent the restitutioncoefficients might
acquiremore complex functionalform, than a constant value,such as in the straight
impact case).

An explanationofthe impact model in Eq. (11.8)isgivenbelow.

When Ect.(!.1.8)fori- I issubstitutedintoEq. (11.4)itresultsin

02280 256
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Dl(Czl/_;1-jAt_l) ÷ (KbrFKl)zl-K121 ÷flKrl(I _,11--C1)(1÷is, l)= 0

Before the rotor--to-stator contact occurs, i.e., for

I_iI - C1 < 0 there is fl = 0 and sl = 1, thus

Dl(_lC-) - jalaP1) + (Kbl + Kt)zl - K1_1 = 0

(11.9)

(11.1o)

•,_here the subscript (-) next to velocity 11 indicates the "before collision" situation.
Following the classical impact theory, during collision only velocities are instantaneously
affected. Displacements remain the same.

Just after collision, i.e., for

I_tl - Ct >_.O there is fl = 1 and _ <1, thus

D1(_1(./_-jAI_S_) +(I<b_+K1)_l-Zl_ + ZU(I_11--0_)(1÷_) = 0 (11.11)

where the subscript (,) next to velocity _lindicates the "after col_sion" situation. Talcing
into account Eqs. (11.10) and (11.11) the coefficient of restitution sl is defined as follows:

_t= 11(*1 (11.12)

ZI(-) -- Kr1(l_11-Ci)(1 ÷ _1)[Dl

Note that there are differences in this definition, as compared to the classical straight

impact theory. In Eq. (11.12) both velocities Zzl(-) and _11(,) have the same sign. There is
no justification to assume that in the rotor planar motion the impact against a compliant
stator causes complex velocities to reverse immediately. The second difference is the
addition of the stator stiffness-related normal and tangential forces, modifying the '!after
collision" velocity, the last term of the following equation:

i !

i_(._= _[_t(._- Kr_(I_._I-Ct)(1+ j_t)/I)|] (Ii.13)

When the stator stiffness is low the after collision motion continues in the same direction

until, due to an incre_e of displacement _t, a balance occurs, and it( o} -- 0. At this
moment the motion is reversed.

The similar impact situations take place for all rub locations i - 1, 2, 3, 4.
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s. (11.1)to (11._7)can be simplifiedby eliminatingdisplacements_-ito _, from Eqs.
1.1),(11.2),(11.3).In a compact form the mathematical model of the robbing rotorisas
110ws: .

Mi_-i + aiK2i_2(zi"Zi_l)+ ai+lK2i(Zi"zi.t.1)% Dsi_.i+ aiPi+ ai+l/_2iFi.i.1=

_ miriw2e](_+ei ) + tie"J'ri , i= 1,2,3,zi=xi+JYi,J=Crr

K2i_2 z i-i + K 2 i-lZi-Fi
zi = , i = 1,2,3,4

K2i_ 2 + K2i_ 1

Or

(11.14)

zi -- ai(fl2i-2 zi-1 + zi- Fi/K2i-1)

where

1 K2 i
Ko-zo--Z4-0. (11.1s)

Eqs. (II.8)to (11.15)representthemathematical model ofthe rubbing isotropicrotor.

Note that the model containsthree destabilizingfactors:dry frictiontangentialforces,

representedby the frictioncoefficients_, fluid-relatedtangentialforces,representedby

the fluidcircumferentialvelocityratiosAi, and impact conditions,representedby the

coefficient(orfunction)of restitution,si. The model includesalsothe system stiffening

effect(through radialstiffnessforcesKri([_i[- Ci)). Tl_e relativesignificanceof each

factordeterminesthe finalresult,i.e.,rotorresponse.

11.3 _al_ulatiQ__f th_ Rotor-t0-St_t_0rRub _ontagt N0rn_alFQr_

The contact between rotor and stator occurs when either rotor is pushed to the side by a
radial preload, and rotates around its centerline displaced from the neutral position, or the
rotor vibration amplitude (due to residual unbalance or other sources) exceeds the available
clearance. Most often these two events occur simultaneously: rotating shaft vibrates
around a displaced position.

In thissectionan aw.rage normal forceatthe rotor/statorcontactingsurfacesiscalculated.
II II

The statoris assumed rigid. Its circulaxshape with radius R models a seal,where
contactwith rotorusuallyoccurs. Itis assumed that the shaftof radius 'r' is displaced
from itsneutralpositiondue to a constant radialforce. Itseccentricityisdenoted "e."
Rotor lateralvibrationsare supposed harmonic, and resultin a circularorbit with the
amplitude "A." Figure 11.4 illustratesthe situationwhen the shaft eccentricityplus
vibrationamplitude"BOl" exceed the availableclearance(R-r). The difference(BOI-
(R-r)) ffiBC multipliedby the shaftstiffness'K" representsthe normal forceat the
contactingsurfaces.Itisassumed thatthe statorisrigid.
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During its vibrational motion around the eccentric position O_ (variable angle _), the shaft
enters into the contact with the seal at certain angle e0. At this angle BC= 0 and the
normal force is zero. When the shaft proceeds in its orbital motion, the value "BC"
increases till its maximum (e+A+r-R) when e -- 0. The second part of the vibrational
cycle is symmetric: The shat_t leaves the stator at the angle "-e0" and vibrates freely until
the contact occurs again at the angle _0, during the next .vibrational cycle.

Taking into consideration the trigonometric relationships, the distance "BC" is calculated
as follows:

BC = OiB--01C = OiB-R = DB+OID-R = r ÷ OiD-R

From the triangle OzO2D results OlD = 4e_+A2+2eA cos 6, thus

BC = r-R ÷ 4e2+A2+2eA cos e (11.16)

The value "BC" depends on the angle 6. "._B_C"equals zero for the "just to touch" contact
at _0:

0 = r-R + ,/e2+A2+2eA cos _0

from which the angle _0 can be calculated:

eo - arccos (R-r)2 - e_ - A 22eA (11.17)

The value "BC" reaches its maximum (r-R+e+A) when e = 0.

Since "BC", and consequently the normal force N = (BC)K vary with e during the shaft
vibrational cycle, it is reasonable to calculate their average values.

The average of cosine function (cos _) in limits ('-_0, ÷ _o) basedon equality of areas is

1 C_° sin _o
cos 6 de = -- (11.18)

_0 -'_'0 J _0

With Eq. (11.18) taken into account the average value of the shaft/stator normal force at
the contact during one cycle of shaft vibration is as follows:

f / sin _o ]
Nay = (BC)avK = L|r-R+_/ e2+A_+2eA _6 |K (11.19)2

where K isshaftstiffnessand c0 can be calculat_from Eq. (11.17).

Figure 11.5 illustratesthe maximum and average normal force---to--_haftstiffnessand

average clearance ratio _ versus vibration amplitude-to-clearance ratio for a

few values of eccentricity-to-clearance ratios. The relation between the average force and
the clearance is linear. The average force versus either A or e is almost linear.
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Figure 11.5 shows also the corresponding angles _0, i.e., the half-arcs of the
rotor-to-stator rubbin_ contact• Figure 11.6 illustrates the average normal force ratio

versus the half arc contact an_e e0. As can be seen, the normal force as a function of the
arc angle depends on the relat16nship of the shaft eccentricity versus vibrational amplitude.

For low eccentricities the graph of the normal force versus angle _o is flat; the relationship
is close to proportional. For high eccentricities the force versus contact angle has more
pronounced parabolic shape•

Since the rotor-to-stator contact normal force is responsible for the friction force, a simple
contact arc angle is" not an appropriate representative measure of the severity of rub. For a
single value of the contact arc (for instance, at _0 -- 60") the normal force ratio may vary
from 0.04 to almost 0.10 depending on the relationship between shaft eccentricity "e" and
vibration amplitude 'A." The highest force ratio for a given sxc results when "e' and "A'
are of the same magni'tucle.

11.4 _ub-r¢lated Impact Model

There are two effects of the impact of a rotating shaft against a rigid stationary element:

straight impact and superball effect. Mathematical models of these effects are discussed in
this section.

Just before the collisionthe shaft incoming precessionalvelocity components

The rotor collideswith tlzestatorat angle _ with velocity v0 (Fig. 11.7):

v0= / + = 90"- a ctan

are _:and_.

(11.20)

Similarly to the str_ght impact theory it is assumed that the rebound motion has the
velocity vl proportional to the incoming one, with the coefficient of restitution s, and has
"symmetrical" (mirror image) direction _Fig. 11.7):

vi= / i 2 + 2=

The components of the velocityvl are as follows:

xs = - _x cos 2_ + y sin 2_)

)

• i

L_ J

A

• #

_i - - r_ sin 2fl-_ cos 2fl) (11.22)

where

/3- arctan (y/x) (11.23)

describes the location where the impact occurs (Fig. 11.7).

In the superball impact effect the components of the after impact velocity are modeled as
follows (Fig. 11.8):

_ = _ _r sin fl

b_= - _ _ cosfl

TI

w

_4
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where _ and r are shaft rotative speed and radius respectively, thus a_ is the shaft surface
velocity. The coefficient _ describes the superball effect-related loss of energy.

The total after impact velocity components including both effects modeled by Eqs. (11.22)
and (11.24) are:

_(.) = - _ (_c_s2_ + _,_n 2_ + _ _ sin

_(.) = - _ (_sin2_- _,cos2_ - _ _ cos

where the subscript (,) denotes the.after impact situation.

Note that this model does not include stator compliance.

11.4 Summary

The rubbing rotor/stator mathematical model is developed in this chapter. The model
based on modal characteristicsfor the rotor includes its three lateral modes. The rub

phenomenon due to _otor-to-stator contact may occur at four axial locationsof the rotor.

The rub model includes friction,impacting, and a system stiffeningeffect.

The local rotor/stator normal force is calculated as "function of radial clearance, shaft

eccentricity, aud shaR vibrational amplitude. It is shown that the simple arc of

rotor-to-stator contact isnot an adequate measure of severityof rub.

A simple model of rotor impacting a rigid stator is also given in this chapter.

_t

F I MI

Kr!

"l Iz1'

F 2 F 3

K 2 K 3

za
Kr2

M2

_3
Kr3

M 3 F 4

K 6 K 7

KE4

T_

FIG. II.I MODEL OF THERUBBING ROTOR

02280 261



I ,

l

FIG. 11.2 SHAFT RUBBING AGAINST THE STATOR OR A SEAL

FIGURE 11.3

Kri

RUBBING ROTOR INSIDE A SEAL

262

i

li

.J

-: F

i,

!

a

! ,

-iI
ee

!!



FIGURE 11.4
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If 12. "RESULTS OF ROTOR-TO-STATOR RUBBING EXPERIMENTAL TESTING

OF THE HPFTP-SIMULATING ROTOP_ RIG.

12.1 Intr0d_ction

In order to determine the vibratioR response patterns of the HPFTP--_imulating rotor rig,
with and without rub, two major experiments were performed. The first experiment
explored the normal and rub--inc[uced vibration responses of the rotor _rith an axial
unbalance distribution which excited predominantIy the first and second mode responses,
while the second experiment used an unbalance distribution to predominantly excite the
first and third mode responses. A description of the test sequences and the resultant data
is presented in this chapter.

12.2 E_eri.m.ent With Mass Unbalance in Turbine Disk

This set of tests consisted of placing a 0.8 inch-gram unbalance in the turbine disk of the

HPFTP--simulating fig (see Fig. 12.1) at zero degrees and numing the rotor at a constant
speed of 4000 rpm, which corresponds to the scaled HPFTP operating speed. This

produces a once-per-turn vibration pattern axially along the rotor comprised of mainly
first and second mode responses. In addition to the once--per-turn unbalance-related

forcing function, a static radial force is applied to the rotor by a spring with adjustable
preload. The spring is attached to the rotor through a rolling element bearing mounted
between the third pump impeller and the turbine disk. This radial force simulates the
preload on the HPFTP rotor produced by the pumped working fluid at the discharge
section..Since the once--per-turn response is not large enough to cause rub by itself, the
rub is initiated, and its severity coRtrolled by the static preload force. This dictated a base
test sequence in which the static preload force was incrementally increased and the

vibration responses at different arial locations along the shaft recorded for each static
preload level. In order to determine the effect of the varying stiffness introduced by the
pump interstage seals, this base test sequence was performed with incrementally stepped oil
pressures in the seal simulation bearings. Figures 12.2 to 12.6 illustrate rotor static
deflections at the operating speed 4000 rpm and for different radial preload forces and

different oil pressures.

The HPFTP--simulating rig was equipped with electrical contact devices (such as described
in Section 9.2.2), indicating the physical contact between the rotor and stationary part ....

L

The orbit, timebase, and spectral content at each axial probe location, plus the timebase
and spectral content of the shaft/seal or shaft/rub block contact, was acquired using an

ADRE_ III Data Acquisition System. The data are presented in F-_gures 12.7 to 12.161.
Each segment of figures is preceded by a corresponding mode shape of the rotor for the
specific oil pressure. The spectral content and timebase information on rub f_om the two
seal simulation bearings, for conditions in which the seal clearance area is fully

oil-lubricated, could not be presented (Figures 12.57, 12.58, 12.88, 12.89, 12.119, 12.120,
12.150, 12.151), as the oil effectively prevents the actual metal-to-metal contact required
for the sensing system. The omission of this data is not intended to infer that the
nonlinear radial bearing characteristics of the seal do not produce forces on the shaft
similarto the ones generated during rub.

I •

The cascade spectra for the shaft-to-rub block contact signalsindicate the occurrence of

metal-to-metal contact, and the f_equency of the rotor/stationary part physical contact

occurrence for the lowest frequency component. The shape of the electricalwaveform used

to detect contact occurrence generates higher harmonics of the fundamental rttbfrequency.

Itisseen on the cascade plots (forexample the second harmonics are in Figs. 12.35,12.36,

_ _ 02280
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12.37). The existence of these Itigher harmonics is caused by the on-off contact waveform,
and does not mean that rub occurs with these higher frequencies.

The data shows changes in the orbit, timebase, and spectral content of the vibration signals
with inc:eases in the preload force. With no preload the shaft is centered within the seals
and the rub block, producing a rub-free vibration response. The orbit is primarily circular,
and the spectral content is predominantly once per turn (synchronous response). As the
preload is increased, first a light contact between elements occurs. This results in a "figure
eight "-shaped orbit due to the appearance of the 0.5x vibrational component. Transient
responses with the system natural frequencies also appear in the rotor response spectrum.
As the preload is increased and the rotor eccentricity increased, the orbit becomes smaller
and more elliptically deformed, while, the spectral content shifts frompredominantly 0.5×
to predominantly lx, 2x, and system natural frequency components, q]his is the effect of
stiffness nonlinearity. Increasing the off pressure at the seal locations basically increases
the system stiffness, allowing less radial motion of the rotor for a given preload. It results
in delaying the onset of the rubbing phenomena with a given preload force, but does not
change the vibration patterns generated once the rub condition is achieved.

_m

12.3 Experiment With Mas.s,Unbalance in Third Pump Impeller Disk
• !

This set of tests was performed similarly to those described in Section 12.2, the only change . i .
being the unbalance mass distribution. Instead of placing the unbalance mass in the
turbine disk, as was done in the previous case, the unbalance mass for these tests was
located in the third pump intl_eller disk. This produces a once-per-turn vibration response "
which is predominantly comprised of the first and third mode responses. The experimental
data is presented in Figures 12.162 to 12.316.

The changes in the vibrational responses with increasing preload were also similar to those '
obtained from the tests described in Section 12.2. The preload for rub inception was higher .
than for the previous case, since the rub locations fall near the lx nodal points. Since the
maximum amplitude is the summation of the static eccentricity and lx vibration ..
amplitudes, a larger static deflection is required to compensate for the smaller lx vibration
amplitudes at the.potential rub locations to produce resultant rotor motion greater than

_. the allowable clearance. Therefore, larger static preload forces are required to initiate rub. .
The progression of synchronous responses for no rubbing, moving to 0.5x components at
light rub, to lx, 2x, and the appearance of transient components with system natural
frequencies for heavy rubs described for the previous test was also observed during the
present tests. Varying seal simulation bearing oil pressures again had only minor effects on
the vibration patterns.

The HPFTP--simulating rig rotor vibration responses caused by rotor-to--stator rubbing "_and their changes from normal no-rub responses were explored for two different rotor '
_ unbalance mass distributions: one predominantly for the first and a second mode, the

other predominantly for the first and third mode. The rotor speed was constant 4000 rpm.
_ The inception and severity of the rub were controlled by varying a static radial preload
-_'i applied to the rotor between the third pump impeller and turbine disks. The effects of
_S additional stiffness at the seals bet._een the pump impellers were also investigated. This ..

_/ additionalstiffnesswas achievedby varying oilpressureat the seal-simulatingbearings.
| i The similarpatternsof rotorvibrationswere observedforalltests. When no rub occurs, --

| t the lx synchronous response due to the unbalance is dominant. With the initiation of light .
|_ rub, a large 0.Sx component appears in the vibrational response. This component gradually ;f

I disappears as the rub severity increases (radial load increases). As the O.Sx component _._

! disappears, more rub-related changes in lx responses as well as appearance of significant
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her harmonic components are noted. Some transient vibrational responsea with

equendes corresponding to the system nature, frequendes also appear in the spectrum.
The additional stiffness at the seal locations modified the point of inception for the rub, but
did not change the vibrational patterns significantly.

PUMP

IMPELLER TURBINE

DISK DISK

_ _._._ ..... _

_ 10.5" ------

',-' 15.5"

•"------ 18.25"

----'--------- 20.5"

25.5"--'--'----'----'"

28.5"

FIGURE 12.1 ROTOR CONFIGURATION.
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_ COMPANY : BENTLY ROTOR 0YNAMZC PLOT NO.

PLANT : LAO

JOB REFERENCE: NASA

MACHZHE TRAZN_ SPACE SHUTTLE MODEL.
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ORBITS AT PROBE LOCATION 1 AT 4000 RPM, 0 PSI SEAL OIL

PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
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JOB REFERENCE: N_SA
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FIGURE 12.15 TIMEBASE FOR HORIZONT,,%L PROBE AT LOCATION 1 AT
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TIMEBASE FOR VERTICAL PROBE AT LOCATION 3 AT 4000
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fIGURE 12.23 TIMEBASE FOR HOR/ZONTAL PROBE AT LOCATION 5 AT
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INCI_ASING STATIC PRELOADS.
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FIGUI_.E 12.25 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 6 AT

4000 RPM, 0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE TURBINE DISK, FOR

INCREASING STATIC PRELOADS.-
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1.0 LOS

L. 2 I_B$

FIGURE 12.27

l.| mil /div CW Rotl_itn 4114 rpm I.I ms/Olw

TIMEBASE FOR SHAFT TO SEAL 2 CONTACT AT 4000 I_M, 0
PSI SEAL OIL PRESSURE, 0.8 IN--GB.AM UNBALANCE
LOCATED IN THE TURBINE DISK, FOP. INCREASING STATIC

PP.ELOADS.
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I i

t

J
D'j

P_OT NO.

O. 0 LBS

(

0.2 I,_,S

0

<
0

0.4 LBS

O. 6 L_S

0.8 LBS -- --,-

t

!.0 LD$

1.2 I.,BS

a,e m LI /'_jL_j (:lJ ROt, sP,,,J, On 4_4 r'_m _,_ mO/O_J

• FIGURE 12.28 TIMEBASE FOR SHAFT TO RUB BLOCK CONTACT AT 4000

RPM, 0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC

PRELOADS.



COMPANY t BENTLY ROTOR 0_NRMZO

PLANT ; LAB
JOB REFERENCE: NMS_

M_CHZNE TR_ZN: SPACE,SHUTTLE MODEL

Mloh_nl: ROTOR KZT Chn I LUD

1.2 LBS

u i. 0 LBS

O
0.8 LBS

O 0.6 LBS

m 0.4 LBS

StmmdV Stitm UHCOMP

PLOT No.

.4

n

O
O

s

- ii
u

E
¢

1

1

O

J_

E

SPECTRAL CONTENT AT PROBE LOCATION 1 AT 4000 KPM, 0
PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALAI_CE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PB.ELOADS.
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COHPRNY : BEHTLY ROTOR OYNRMZO
PLANT Z LRa
JOB REFERENCEZ N_SR

MRCHZNE TRRZN¢ SPRCE SHUTTLE MODEL

HaohOne: ROTOR KZT Chl _ 2U0

PLOT NO.

SOBa_W Stain UNCOMP

/ -:M ---- • - - - 4 eos _ .;

I "_-n-'T-) '7"--T_r I "T--'r I _i ' I--' ' I ' = I ' ' I ' ' H 48e6 rpm
(I ,I. 2 3 4 S [ S ? • 9 le

FREQUENCY I kl=pm) , HannJ, ng Winc_ow

M&ch_rII| ROTOR KIT Ohll 4 _HO,_

--_-- ...... --/ 48,1.4

-1.0 I.,BS -- " '- -_ - _ 4e_e

0.0 t, BS_'_=_=T_ _l_-#'l _, _l '' I'' l-- 'T"' I '-' { 4.6 _.

FIGURE 12.30

e £ ;_ 3 4 6 6 ? 8 9 le
FREQUENCY (koFm) Harming Winc_mw

SPECTI:T.AL CONTENT AT PROBE LOCATION 2 AT 40(}0 RPM, 0
PSI SEAL OIL PRESSURE, 0.B IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.
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OOMPAHY ¢ BENTLY ROTOR OYNAMZC

PLANT : LAB

JOB REFERENCe: NASA

HAOHIHE TRAIN: SPACE SHUTTLE MOOEL

Machine: ROTOR KZT Oh# I 3UO

PLOT No.

Stmmd W _tmtm UHCOMP

@ 1 ;2 3 4 5 S 1

FREQUENCY kcpm)

W
U

0

Q

Machinm: ROTOR KIT Ch# E 3H0

B 9 Ze

Hmnning Win_=w

StlidW Star| UNCOMP

_.'.2,_BS/ _/1_ /• y I __- _ .... _- _ /X_ / ,,.

JL Ill /
0.8 LSS / _ _ / \ " "

r_ - _ L _- ...... A - / ,:a_

0.0 _ .../'k__-sx I. /

,.Qs/ A .. A " "
O. 0 _ "T-r'r"l"r'_ I-' ' i_' ' I : '" I-' i I ' ' I '--' I 4ee6 rpm

@ i 2 2 4 E 6 ? • 9 ].e

FREQUENCY (kc:pm) Hamming WLI'IC=Qw

FIGUI%E 12.31 SPECTRAL CONTENT AT PI_OBE LOCATION 3 AT 4000 RPM, 0
PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE

LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.

,.4

__ \

E
m

O

I II

II

-;
U

k

Q
II

4

II

i

U
Ul

O.
S

°

t

294 .i

i t



pc !
I__ ,.

" CONPRNY : BENTLY ROTOR OYHRMZC PLOT NO.

m I

m- .

- )

_ \
CL
Q.

S

Q

,q

i¢

m

U

E

,.

':. • !

_.-i r

t

F_GUIIE 12.32

4886 rF:m

a 3 4 | 8 "t | 9 1_

FREQUENCY (kCpm) Harming Winc_=w

SPECTIL_L CONTENT AT PROBE LOCATION 4 AT 4000 _P), 0

PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE

LOCATED IN THE TUR.BINE DISK, FOR INCREASING STATIC
PRELOADS.
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w
? u

O

. o<

i. 2 LBS

Machimtt ROTOR KZT

0.6

0.4

0.2

0.0

FIGURE 12.33

Ch#_ 2 EHO

StmmdW Stitm UNCOMP

h

1.2 LBS I_ - _ - 4e14

i. 0 LBS 4eze

0 • 8 LBS 4e_a

LBS 4ee9 _

LBS .,ole "

LOS 4_e9

LDS 4see .pm -
e ,1. _ 3 4 8 6 "F 8 9 _e

FREQUENCY (k,'pm) Hlnn,J, ng WinClDw

SPECTKAL CONTENT AT PROBE LOCATION 5 AT 4000 RPM, 0

PSI SEAL OIL PKESSURE, 0.8 IN-GRAM UNBALANCE

LOCATED IN THE TURBINE DISK, FOR INCKEASING STATIC

PKELOADS.
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0.2 LUS

_ \
n
n

E-

l °
J'i
_Jl

4006 rpm

2 3 4 5 6 ? 8 9 le
FREQUENCY (kopm) Hlnning ,Window

SPECTI:L_L CONTENT AT PROBE LOCATION 6 AT 4000 t_M, 0
PSI SEAL OIL PRESSURE, 0.8 IN-GI%AM UNBALANCE
LOCATED IN THe: TURBINE DISK, FOB. INCREASING STATIC
PI%ELOADS.
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t

I,

1.2 LBS

4014 ,

4012

4009

400S rpm
a 3 4 S S "t l S 10

FREQUENCY kTpm) HannAng UAn_=w

SPECTRAL CONTENT FOR SHAFT TO SEAL 1 CONTACT AT

4000 RPM, 0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE TURBINE DISK, FOR
INCREASING STATIC P1LELOADS.

1.2 LBS

u i. 0 LBS

0
0,8 LBS

o 0.6 LBS

m 0.4 LBS

FIGURE 12.36

4014

401o

4o18

SPECTRAL CONTENT FOR SHAFT TO SEAL 2 CONTACT AT

4000 RPM, 0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE TURBINE DISK, FOK
INCREASING STATIC PEELOADS.
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FIGURE 12.37 SPECTRAL CONTENT FOR SHAFT TO RUB BLOCK CONTACT

AT 4000 KPM, 0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE .TURBINE DISK, FOR
INCREASING STATIC PRELOADS.

i

-11

Z 5

2 4
3

.a 2

a_

t

F,
-4

,4
u. 2

I .].

0 *Sm

FIGURE 12.38

R^l)I^l,
PR t,,I,()^ll

FIJKCK

P_ P2 r4 t,

ftl _'.% 11; • ' \" 'h-(-u_u--k.--

ROTOR MODE SHAPE AT 4000 RPM, 2.5 PSI SEAL OIL
PRESSURE DUE TO 0.8 IN-GRAM UNBALANCE LOCATED IN
THE TURBINE DISK.
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SCae_W S+teta

PLOT NO.

e _aO.

2?8 _tg.

Un¢omp

O_

0

0

UP UP

3999 rpm•

=.
O

4OOe rpm
O.6i m_l /d_v

FIGUI_E 12.39

C_

re

El

4ee_ rpm

OI

Ul

0

U_

3998 r_m a

UP

I
f

:_998 ,'pro

i

3999 rpm

ORBITS AT PROBE LOCATION 1 AT 4000 RPM, 2.5 PSI SEAL
OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
TURBINE DISK, FOR. INCREASING STATIC PR.ELOAD FORCES.

Ma¢_nm: ROTOR KZT

Machine: ROTOR KZT

I

UP

O

:slS rpm

0

Chg 3 2U0 _ meg.

Oh_ 4 _HO _78 ¢mg.

S_wed_ $tm_e U_¢om R

9
O

U_

4e0_ rgm

UP u_

e

O

3998 Ppm m 3998,rpm

_J

0.
I'1

N

_4

dole rpm 4Oil rpm _09_ rpm
O.lO m_1 /O_v CW RoCmt¢on

FIGURE 12.40 ORBITS AT P_OBE LOCATION 2 AT 4000 R.PM, 2.5 PSI SEAL
OIL PRESSUR.E, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
TURBINE DISK, FOR. INCREASING STATIC PRELOAD FOR.CES.
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9taa_W Stain

PLOT No.

e Gag.
27e amg.

Uncmmp

I

N
$

40@e rpm 3gsg rpm
CW Rmtmtimn

39g@ rpm

ORBITS AT PROBE LOCATION 3 AT 4000 RPM, 2.5 PSI SEAL
OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
TURBINE DISK, FOIl INCREASING STATIC PRELOAD FORCES.

O

o

m

O

3ggg rpm

m

o

++

m

r.i

UP

3gg8 rpm m 3gg8 rpm

4ee8 rpm
l.e mil /_iv

FIGU_J_ 12.42

4eee rpm 3ggg rpm
CW Rm_m¢imn

ORBITS AT PROBE LOCATION 4 AT 4000 RPM, 2.5 PSI SEAL
OIL PRESSURE, 0.8IN-GRAM UNBALANCE LOCATED IN THE
TURBINE DISK, FOIl INCREASING STATIC PRELOAD FORCES.
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COMPANY : BENTLY ROTOR OYNAMZ¢

_LANT : LAB

JOB REFERENCE: NASA

HACHINE TRAIN: _PACE. SHUTTLE MOOEL

Mm¢_i_m! ROTOR KZT C_# ¢ 6U0

Ml¢_inl: ROTOR KZT Ohl I _HO

Stma¢ W Stmta

P_OT Ha.

27e _eG.

U_¢omp

UP UP UP UP

o @
O

O

3999 Ppm

° 0
=t

3999

FIGURE, 12. ;3

i I

4e81 rI:m 3998 rpm m

O Qm

i •

"I IO

3997 rpm_ ,

4eee rpm 3999 rpm
CW Rotarian

ORBITS. AT PROBE LOCATION 5 AT 4000 RPM, 2.5 PSI SEAL
OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
TURBINE DISK, FOR INCREASING STATIC PRELOAD FORCES.

MmcMinu: ROTOR KIT

Ma¢_i_I: ROTOR KZT

UP

O
9
O

2999 rpm_

0
9
0

3999 r_?
]..O mJ._ /oily

FIGURE 12.44

Ch# 3 SUO • _mg.

Ch# 4 QHO _78 dm_.

3tmm¢ W 9tmtm Unmmmp

UP

m

$

¢:

4eel rpm

o /
0

alll rpm
¢_ Ro_mt_on

I

==
n

O

m

,,,4

UP

i

399B PI•

3998 r_m _,#

UP

3997 rpm.

ORBITS AT PROBE LOCATION 6 AT 4000 RPM, 2.5 PSI SEAL
OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
TURBINE DISK, FOR INCREASING STATIC PRELOAD FORCES.
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ORIGINAL PAGE IS

co.poNY : .e.TL_ ROTOROY_Z= OF POOR QUALITY PLaT "°N__
PLANT : L.AB

JOB REFEREflCF.s HASh

Ih_CHINE TI_AIH: 5P_CE SlIUrlLE I IOOGL

i_la=hJ, n=: ROTOR K_T Ch_ I IVO

_t mllll I W _t il_ I t h_IPH,ilt

" .I

0.0 _3S

0.2 Lg$

0.4 LB$
,,j

O

o

O

_=

1.8 ml1 /=J.v CW RoC.._.ior_ 0999 rl=,a 5.0 ms/oily

1,8 m£1 /d;.v CW RQEaELor_ 4ee;l rpm S,$ ms/dJ, v

1,8 m11 /dLv CIJ Ror.al'.J=n 3gg8 rpm S,O ms/cl£u

I,il m_.J, /d,i.v CtJ Ro_atLOn 40@1 rpm 5,0 mII/QJ.U

1.0 LBS

1.2 LUS

I, I mLl /_iv C_J Rat.. m og_ag rpJn

FIGURE 12.45

S, II ms,,=iv

TIMEBASE FOR VE_.TICAL PROBE AT LOCATION 1 AT 4000

RPM, 2.5 PSI SEAL OIL PRESSUItE, 0.8 IN--GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.
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COmPaNY : BENTLY ROTOR OYNAMXC

PLANT : LAB

JO0 n_FER_IICEI H_Sh

I'I_CHZH_ TRAIN! $PNC_ SlIUTTLE rlOOEL

PlacM_nt| ROTOR KZT

O. 0 LBS

P_0T NO,

Chn 2 IHO

O. 2 L[_$

1.8 m_l /d_u , CM Ro_aL_=n 40e2 rpm $.1 ms/Qiv

0.4 LBS

U

k.

l.e m_l /_Zv CU RoLaLicn 399S rpm 5.0 ms/Oiv

O

1,1.]
o: 0 6 LBS

1,8 m_l /d_v ¢W Rota_2on :SgB r_m S,I ms/a_,

1.0 m_¢ /¢_v CW Ro_L_o_ _eee rgm 6,1 mm/=Lv

l,e m_l /Q_ CW RQCB¢_O_ :g_9 rgm S.8 m_/_iv

FIGURE 12.46 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 1 AT
4000 RPM, 2.5 PSI SEAL OIL PRESSURE, 0.8 IN--GRAM
UNBALANCE LOCATED IN THE TURBINE DISK, FOP,
INCREASING STATIC PRELOADS.
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i " L.

U

0

i °,¢
0
,._

O. 4 I.,BS

0.6 LBS

O. 8 LBS

1.8 mii /_iv ¢W R=la_i=n _B$O rpm 5.1 mm/_/v

1.0 13_S

FIGURE 12.47 TIMEBASE FOR VERTICAL PROBE AT LOCATION 2 AT 4000

ItPM, 2.5 PSI SEAL OIL PP_ESSUB.E, 0.8 IN-GRAM UNBALAI_CE !
LOCATED IN THE TUB.BINE DISK, FOR INCREASING STATIC ""

PRELOADS. J
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StoOOW State UnOQmp

PLOT No.

O. 6 L_S

l.e mll /Qiv C_ Rotation 0998 rpm 5.0 ms/a_v

J
l.e mil /_iV C_ Rotatiom 4000 rpm 8.0 ml/d_v

i. 0 L_S

l.e mil /div CW Rotatiom 4eoe r=m S.# ms/div

1. o mil /=iv O_'Ratltimn 299S rpm 5. t ms/div

FIGURE 12.48 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 2 AT
4000 RPM, 2.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE TURBINE DISK, FOR
INCREASING ST.'_TIC PR.ELOADS.

3O6

)



romp

-.j

I

'T

COMP_HT : S_HT_Y ROTOR OYH_MI_

P_ANT _ LR6

_OB REFERENCE_ N_S_

M_GH_NE TRRZN: SPAC[ SHUTTLE M00EL

MecMin_: ROTOR KZT Ch# 5 :VO

PL:T NO.

0.0 LB$

StmiaW Sta_e U_comp

0.2 LSS

o.4 ;.as
U

o
C: l.e mil /Giv CW R_a_ion 3998 rpm S.e ms/Oiv

b:
0.6 bI_S

0.B LBS

¢

1.0 LDS

_,O m_l /_iv _W Ro_i_ion 4_tl rpm 6.0 ms/=iv

1.2 tB_

FIGUI:_ 12.49 TIMEBASE FOR VERTICAL PROBE AT LOCATION 3 AT 4000

RPIM, 2.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASII_;G STATIC

PRELOADS.
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.l

i.2 L_S

t.I mi_ /Ogv CU Rotation 3999 rpm S.O ml/Oi_

FIGUBE 12.50 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 3 AT
4000 RPM, 2.5 PSI SEAL OIL PI_ESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE TURBINE DISK, FOR
INCREASING STATIC PRELOADS.
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O

h-. _'

h

:i

I
I
I

PLOT No.

l,hsr_.Itin!

0.2 LI3S

l.I m£_ /a_v CW _or.e_._on 3999 rp,n 5.0 ,ns/_i_

/

1. e ma,l /cf_v C_ Roe.aCe, an 4002 rp,.

i...........--/

1.0 LI_S

_.. 2 L,I_S

FIGURE 12.51

1.9 m _-l- /clJ, v C_ I_ota_._,on :gsqi rpm I,il ma/=Lv

TIMEBASE FOR VERTICAL PROBE AT LOCATION 4 AT 4000
RPM, 2.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.
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COMPANY : BEt4T_Y ROTOR DYNAMIC

PLANT : LAE

_0B REFERENCE: NASA

HACHZNE, TRAIH: SPACE SHUTTLE MODEL

H_¢_ine: ROTDR KZT Ch# 8-4H0

StaoSW S%ott

;:LOT I<Q.

Un¢ornp

0.0 LB$
_°_

0.2 LU$

0.4 LBS
t,l

U

m

o

1. e mii /air Cw Rotation O_g9 rp,n

I.Q m£1 /air CW RoCa¢IO_

l-y
\

\
40e_ rpm S.O ms/qiv

-x,

=998 _" "_

rpm S.e _

l.e mil /di_ CW RQtl_l=n :SeS rpm $,i ml/diu

0.8 LBS

I.@ mil /qi_ ¢W Ro_a_Ion 4000 rpm S.$ ms/_iv

1.0 1,I)S

I. 2 bUS

1. e mil /_iv CW RoLetlon 4000 rpm 8.| ms/_Iv

1,0 roll /0£_ CW Rotit. lOn 3999 rp,n S.0 ms/Qiu

FIGURE 12.52 TIMEBASE FOB. HORIZONTAL PROBE AT LOCATION 4 AT
4000 RPM, 2.5 PSI SEAL OIL PKESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN TIIE TUB.BINE DISK, FOB.
INCR.EASING STATIC PKELOADS.
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0.0 LBS

0.2 L_S

0.4 1,aS

e_
o
u.

o

= O. 6 LDS
m.

0.8 LBS

_..0 LBS

l

P_QT Ne._

1.@ mil /_L_ CW RQ_e_Qm 4eel rpm E-t m_/=iv

L.O _I /diV C_ R=te_=n _997 rpm E.O mm/Olv

_.0 m*_ /dlv C_ Ro_i_*_n :999 rpm 8.8 mm/@_v

FIGURE 12.53

,I. II m,k I /O;-v ¢_ Rst.mf._en 3990 rpm _.0 ms/OAr

TIMEBASE FOR VERTICAL PROBE AT LOCATION 5 AT 4000
RPM, 2.5PSI SEAL OIL PRESSURE, 0.8IN--GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.
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_

| 8EHTL.Y ROTOR 0YN_ZO

t LAB

Chn 2 EHO_A_hinm! G_TnG _T_

PLOT NO,

Stle_l_l Sta_.e Un¢omp

l.E.m_ /Q_v CW Rotation _99g rpm 5-,e ms/Q_v

O. 2 LB$

1,8 m_ /div CW R=tatlon :gg_ rpm 5,'e ms/d_

I

1,i ml_ /d1_ C_ RQ_i_IQn 29S_ rpm S.8 m_/dl_

L,I mLl /d_ C_ Ro_a_L_n 4tee rpm 8,l ms/dL_

FIGURE 12.54 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 5 AT
4000 RPM, 2.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE TURBINE DISK, FOR
INCREASING STATIC PRELOADS.
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¢,,;

0

Q

0.2 Lns

l.e m_l /_iv CW Ro_a_lon 4001 rpm 5.0 mm/aAv

0.4 LBS

l.e m_l /=iv CW RQtl_ion 3998 r_m 8.8 ms/div

o. 8 LBS

L. 0 LDS

i. 2 LUS

1. II m,lL /_llv CM Rol;at, im_n :3898 rpm

]
• I m,t,_, /Qlu G_l Rot.mP.lon 4110 rpm
('% e-_

_.l mll /(4iv "¢:;l Ror.mP.J.on 38118 r_pm'/

FIGURE 12.55 TIMEBASE FOR VERTICAL PROBE AT LOCATION 6 AT 4000

RPM, 2.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC

PRELOADS.
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COMPANY _.8ENT_Y ROTOR QYMRMZQ
PLANT I LAE
_OB REFERENCE_ HASh

M_CHZHE TRAIN; SPACE SHUTTLE MOOEL

Ma_MI_ul ROTOR KZT , Chl 4 IHO

PLOT N_.

O. 0 LBS

0.2 1,B$

1 //I0.4 I, BS /

I 0 mll /¢11v CIJ ROP.mtA¢=n :3998 rpm S I) mu/clAv

O. 6 LBS

O. 9 LBS

_.. 0 LDS

_.. 2 ;,US

;,l m_1 /dLv _ Ro_mtlo_ _90 _pm I.I m_t_lv

FIGU1LE 12.56 TIMEBASE FOB. HOP_IZONTAL PROBE AT LOCATION 6 AT
4000 IIPM, 2.5 PSI SEAL OIL PB.ESSUP,.E, 0.8 IN--GRAM
UNBALANCE LOCATED IN THE TURBINE DISK, FOB.
INCREASING STATIC PB.ELOADS.
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FIGURE 12.57

NOT AVAILABLE - OIL IN THE CLEARANCE AREA

PROHIBITS THE METAL-TO-METAL CONTACT NECESSARY

FOR THE CONTACT SENSOR TO OPERATE CORRECTLY.

TIMEBASE FOR SHAFT TO SEAL 1 CONTACT AT 4000 RPM, 2.5
PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.

NOT AVAILABLE - OIL IN THE CLEARANCE AREA

PROHIBITS THE METAL-TO-METAL CONTACT NECESSARY

FOR THE CONTACT SENSOR TO OPERATE CORRECTLY.

i
I

4'

L.

L.

FIGURE 12.58 TIMEBASE FOR SHAFT TO SEAL 2 CONTACT AT 4000 RPM, 2.5PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC



COMPAN_ l BENT_Y ROTOR 0YNAMZ0

PLANT I LA9

JOB REFERENCE! NASA

MACHZNE TR_ZN_ 9PAC_ SHUTTLE M00EL

Ma=hinl: ROTOR KZT Oh# ? RUB BLOCK

stuaa_ StitR U_momp

PLOT NQ._

O. 0 LBS

l.e mii /div CW Rogation 3998 rpm 5. e ml/aiv

0.2 Z,,D$

l.e mil /air TW Rol:er.ion :997 rpm 6.0 ms/air

U

O

<
O

a_

0.4 LBS

0.6 LDS

1. S mi 1 /div ¢W Rota_,ion 3998 Ppm 5.1 ms/cliv

0. B LBS

CONTACT I

1.0 bQS 1

NO CONTACT 1

i. 2 LBS

1.9 mil /d_Lu CW Ro_.ar, ion 3997 rpm S, $ ms/_iv

B om

i. I mli /dAy CW Ra_atiort 3999 rpm E, $ ml;/dlv

FIGUI_ 12.59

• 4

-o

,i i t

• °

t

TIMEBASE FOR SHAFT TO RUB BLOCK CONTACT AT 4000

KI'M, 2.5 PSI SEAL OIL PRESSURE, 0.8 IN--GI_AM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.
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COMPANY t BEHTLY ROTOR OYHAMZC
PLANT : LAB

JOB REFERENCE: N_SA
HACHZI4E TR_ZNI SPACE SHUTTLE MODEL

Machimu: ROTOR KZT Ch# I IUO

PLOT N=.

Etaaa W Statm UNCOMP

U_ 1._ ,_Bs - IT " - -

0.8 LSS_

i

0.0 LOS I ' ' _' ' 'I t" I_ I ' ' / ' '
_) J, R 3 4 8 8 ? 8 9

FREQUENCY (k;lmm)

' / 2999

"J 4eee

/4eee

3998

3998

4ae2

"[ 3s99 rpm

le
Hlmnimg Wimdmw

CI.

U

o.

.jl

HacMimm: ROTOR KZT ChW _ _HO

Etlad W Sta%m UNCOMP

U

Q

1.

....
0.0 LOS _,-r-_,-._ '-_ I _-r = , l;_c. 7-..

e 1. il 3 4 G (_ %' (B 9
FREQUEHGY (kc:pm)

:3999

2'

_e
Hlm_im_ tJim_w

-- )

Q

-- II

I

U

FIGURE 12.60 SPECTRAL CONTENT AT PROBE LOCATION 1 AT 4000 RPM,
2.5 PSI SEAL OIL PI%ESSUI%E, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PKELOADS.
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COMPANY ; EENTLY ROTOR 0YNAMZC

PLANT : LAB
_OE REFERENCE: NASA

MACHINE TR_ZH! SPACE SHUTTLE MODEL

Placminm: ROTOR KIT C_W 3 2UO

PLOT N_.._._.___

S_II_ Stir! UHCOMP

1.2 A /
- _ .... -- /_ - 3999

4eee
0

0.8 LBS , /_

_o 0.6 LDS

P_ -- -_ -- --/3

/
- :399E

o,o z,os ___'_-'/,,u-_...w_/,__.r_,, ,,, .,_, _ _ .' I ' ' I '_ I :3999 rpm

O 1 a 3 4. 5 E "t O 9 le
FREQUENCY (k¢=pm) Hanr_img Wincfow

1

Maml_inm; ROTOR KIT Civil 4 2M0

Etmact_j State UHCOMP

u i. 0 LBS . .

0

0 -

0.0 I.I)S r'-r--_-t-_,_ i .'_, j, ', i"' i-_ • t', i '_l :3sse ,-_m
f) 1 2 3 4 IS 6 ? • 9 le

FR£_UENCY (kcF:m) Manrl/mg W/n¢_¢:_

FIGURE 12.61 SPECTRAL CONTENT AT PROBE LOCATION 2 AT 4000 RPM,
2.5 PSI SEAL OIL PKESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE T\,i%BINE DISK, FOR INCREASING STATIC
PRELOADS.
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COMPANY : BENTLY ROTOR OYN_MIC

PLANT : LA_

JOB REFERENCE: NASA

HACHZHE TRAIN: SPACE SHUTTLE M0_EL

Plachine: ROTOR KIT Ch# 8 3UO

PLOT N=._,___

S_IaQW StaLe UHCOMP

U

O

O

..... _ ....... _. _._- ,,,_ _ ._II 4_.ad _

%

1.2L,,_/ _ /L_____"

• 8 LBS ..... _

e L _. 3 4 6 6 ? O 9 10
FREQUENCY (k¢=pm) Harming Winclc3w

Mac_inI: ROTOR KZT

O. 8 LBS

_q
U

Q

C_H 9 3HO

StmaCW Statm UNCOMP

o 0.6

0.4

I

¢D
¢D

U
_n

E

t °

I

FIGURE 12.62 SPECTRAL CONTENT AT PROBE LOCATION 3 AT 4000 RPM,

2.5 PSI SEAL OIL PRESSURE, 0.8 LN-GRAM UNBALANCE
LOCATED IN THE TI;RBINE DISK, FOR INCREASING STATIC

PKELOADS.
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Plamhine: ROTOR KZT Chll 8 4HO

Stma-_U State UNOOMP

0.8 LBS /,.
" " [ m I " -- .... ---- _ 4oee

,,
o._ ,,,,s_ _ ,____---! ,..,
o.o,.o___.,.,_-.-_,_..... _ ,_I

,_ , _ , , , 3999 r'l_mT t I-]_ , " ] ' I

e 1 ;_ 3 4 5 5 7 8 9 10

FRECIUEI4CY (kc:pm) Mammlmg Wimclow

m

m

FIGURE 12.63 SPECTRAL CONTENT AT PROBE LOCATION 4 AT 4000 RPM,
2.5 PSI SEAL OIL PRESSURE, 0.8 1N-GRAM UNBALANCE
LOCATED IN THE TUB.BINE DISK, FOB. INCREASING STATIC
PRELOADS.
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COMPANY : BENTLY ROTOR OYNAMZC PLOT NO.

PLANT : LAB

,_08 REFERENCE: NASA

PIACHZHE TRAZN¢ 5PRCE 5HUTTL¢r MOOEL

Machine" ROTOR KZT ChW tL 6UOt S¢llacll W St.atll UNCOMP

/

/
0

" 0.8 Las_ _5. _ /'L ..... A____/ _,.

I-1 3992 "

m 0.4 LB _ - - - _ e8

e _. 2 3 4 5 6 ? _ 9 J.e

FREQUENCY (kcFIm) Harming Winaow

rtachinm: ROTOR KIT Ch_ 25HD

_¢mm_ W Statm UNCOMP

_ "x
O.
O.

E

¢D

U

(1
S

_ (Z

i

L

FIGURE 12,64 - SPECTRAL CONTENT AT PROBE LOCATION 5 AT 4000 P,.PM,
2.5 PSI SEAL OIL PP,.ESSURE, 0.8 IN-G_AM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.
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COHPRNY : EENTLY ROTOR OYN_,elZO PLOT No.

PLANT : LAB

JOE REFERENCE: NASA

PtACHZHE TRAZN: SPACE SHUTT_.E MODEL

l'laching: ROTOR KZT Chit _1 6UO I

e 1 a 3 4 s 6 ? • 9 Iv
FREQUENCY (kcpm) Hlnning Win¢o_

rlachina: ROTOR KZT ChW 4 6H0

$tma_ Stats UNCOMP

U _ ' __ 4eee

° L---- i
0 •8 LBS s

/'_IIT"Tt/ - - / =°"

0.4 LB

O.O "-' I T , q--, , I -_ I ' ' i _ ( I =s!t9 ,-ion

I l, 2 3 4 IS IS '7 E $ 10
FREQUENCY (kcpm) Manning Win_t'w

-i
-- "4

i
0

II

I
--I

u

o.
E

(z

FIGURE 12.65 SPECTRAL CONTENT AT PROBE LOCATION 6 AT 4000 RPM,
2.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.
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COMPANY. I BENTLY ROTOR OYNAMZC PLOT No.

PLANT ; LAB

_08 REFER_NCEZ NASA

_IACHZNE TRAZN; SPAC_ SHUTTLE 1MOOE_

HacJ_inm: ROTOR KIT ChW 6 SEAL CONTACTOR Wl

Stmi_ W State UNCOMP

M
LI

0

0

1,2 LBS

I. 0 LBS

0.8 LBS

0.6 LBS

0.4 LDS

0.2 "LUS

0.0 LBS
e 3'

FIGURE 12.66

2 3 4 E 6 "/' 8 g . _.0

FREQUENCY (kopm) Manning Winclow

SPECTRAL CONTENT FOB. SHAFT TO SEAL l CONTACT AT

4000 RPM, 2.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM

UNBALANCE LOCATED IN THE TURBINE DISK, FOR
INCREASING STATIC ?RELOADS.

Maon3'n#l ROTOR KZT ChW 6 SERL CONTACTOR #2

Stead W Statm UNCOMP

L,

. /-- ___ , /u 1.0 LBS

0 4_eo

.... -- ' -- 3999

o 0.6 LBS ' • a=97

m O. 4 LBS
•+ 3 9E

0.2 LUS/ " . , _,3'

0.0 L0S {'' I'','' i'- i'' I'' I' ' i'. g', i,, I _.n r.m
t 1 _ 3 4 5 6 T 9 9 J,8

FREQUENCY (kcpm) Mmnnlmg Window

m

ii

II

¢

FIGURE 12.67 SPECTRAL CONTENT FOR SHAFT TO SEAL 2 CONTACT AT

4000 RPM, 2.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM

UNBALANCE LOCATED IN THE TURBINE DISK, FORINCREASING STATIC PRELOADS.
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1.2 LBS

u 1.0 LBS

O
0.8 LBS

o 0.6 LBS

m 0,4 LBS

FIGURE 12.68 SPECTRAL CONTENT FOR SHAFT TO RUB BLOCK CONTACT

AT 4000 l:I2M, 2.5 PSI SEAL OIL PRESSUI:LE, 0.8 IN--GtI_M
UNBALANCE LOCATED IN THE TURBINE DISK, FOR
INCREASING STATIC PI%ELOADS.

R^I)I AI,

II{ I H.fIAI)
I URCl

FIGURE 12.59

z 5
0

4

u 3

=. 2

,.,_ 0
! '_ - 1

< -2
U
H -3

>

,a 3

_ 2

,_ o

N °"1

"5

ROTOR MODE SHAPE AT 4000 I_M, 5.0 PSI SEAL OIL
PRESSURE DUE TO 0.S IN-GRAM UNBALANCE LOCATED IN
THE TURBINE DISK.
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"COMPANY : BENT1.Y ROTOR OYHAMZC
PLANT :, LAO
_00 REFERENCE! NASA
MACHZNE TR_ZN$ SPACE SHUTTLE MOOLm,.

Ml=_inl: ROTOR KZT Oh# I IVO
Ma¢_i_m: ROTOR KZT O_ 2 2HO

StmmaW Stmtm

PLOT him.

0 dmg.
2?0 dmg.

Unmmmp

i

(

uP

0

0

o

4001 rpm •

4006 rpm
e.se m_l /Q_v

up UP

_ • . , .

I ......... i

OI
• | ..........

I

t

4003 rpm 400'7 rpm
CW Ro_.a_. k=n

UP

4006 rpm

FIGURE 12.70 ORBITS AT PROBE LOCATION I AT 4000 RPM, 5.0 PSI SEAL
OIL PRESSUR.E, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
TURBINE DISK, FOR INCREASING STATIC PRELOAD FORCES.

L

L

L

b

Mac_lnu: ROTOR KIT
Ml=_i_8_ ROTOR KXT

UP

{n
m

O

O

_0@% Ppm
m

.........

4008 rpm
0,60 m_l /d_

FIGURE 12.71

Oh# 3 RVO 0 _eg,
¢h0 4 RHO 2?0 Qag.

UP

O
• . .. .

40_04 rpm•

_ • .

up up

. . i
i

4008 r._m 4006 rpm

_ ....$

4003 rRm 4007 rpm
(:W Rm_.m_mn

ORBITS AT PROBE LOCATION 2 AT 4000 RPM, 5.0 PSI SEAL
OIL PRESSURE, 0.8 IN--GRAM UNBALANCE LOCATED IN THE
TURBINE DISK, FOR INCREASING STATIC PRELOAD FORCES.
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COMPANY : BENTI=Y _OTOR DYN_MZC
PLANT _ LA| .
_09 REFERENCE: N_S_

MACNINE 7R_ZN: SP_CE SHUTTLE MODEL

Ma=hi_m: ROTOR KZT Oh# 5.3V0
MaG_inm: ROTOR KZT Oh# 8 _HO

S_eaQW State

PLOT NO.

e dmg.
270 deg.

Un=omp

UP
m

o

m

0

4eel rpm

40eG rpm
e.se mil /div

FIGURE 12.72

up

I

*!

O .........

J ........

_ee4 n=m

9 • . _ " .

o

m

uP

4ee5 rpm

4e83 rpm 48eT rpm
¢w Rota_i=_

0

UP

4ee6 rpm

ORBITS AT PROBE LOCATION 3 AT 4000 RPM, 5.0 PSI SEAL

OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE

TURBINE DISK, FOR INCREASING STATIC PRELOAD FORCES.

(

!

Ma=hin=: ROTOR KZT
Ma:h/n=: ROTOR KZT

Oh# ? 4U0 e Qmg.
Oh# • 4H0 ate ==g.

S_idW S_itm U_:=mp

UP UP UP

4el8 rpm 40@3 rpm 4OOT rpm
O.$O mil /dl_ ¢W Ratatian

FIGURE 12.73

u_

m

o

&_e6 .pm

ORBITS AT PROBE LOCATION 4 AT 4000 RPM, 5.0 PSI SEAL

OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE

TURBINE DISK, FOR II_CREASING STATIC PRELOAD FORCES.
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COMPANY :.BENTI,,Y ROTOR OYNAMZC

PLANT ; LAB

JOB REFERENCE; NASA

M_CHZNE TRAZN: SPACE SHUTTI.E MOOI_.

Mam_i_m: ROTOR KZT Chl¢ 6VO

Ma=h¢_B: ROTOR KZT ¢hi--2 IHO

Stoa_W Statm

PLOT NQ.

e amg.

2_e dmg.

un=omp

u_

0.
o

uP

=.
o

4eee Ppm

,_6e4

FIGUI_ 12,74

u)

o

up

4ee3 rpm

I "
I

i ......

CW Rolation

rJl

0

UP

....... i

......... i

,I,906 rpm

;1 I.
I.

4ee_ rpm

i
I

I
l
I
i

UP

4885 rpm

ORBITS AT PROBF LOCATION 5 AT 4000 RPM, 5.0 PSI SEAL
OIL PRESSURE, 0.8 _N-GRAM UNBALANCE LOCATED IN THE
TURBINE DISK, FOR INCREASING STATIC PRELOAD FORCES.

Maohinn: ROTOR KZT

MacHine: ROTOR KZT

Q

UP
Ig

0
4000 rpm•

400a rpm-
_..I miJL /div

FIGURE 12.75

Ohn 3 6UO e dmg.
Oh# 4 6HO a?$ dog.

• tta¢V Statm U_==mp

N

0

4ee_ rpm

4i13 r*pm
OW Rota_o_r_

m

0

_g

UP UP

#1.

411118 r_m

.... ' 1'Ii

400? rpm

m
m

0

4ee6 rpm

ORBITS AT PROBE LOCATION 6 AT 4000 RPM, 5.0 PSI SEAL
OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
TURBINE DISK, FOR INCREASING STATIC PRELOAD FORCES.
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0,0 LBS

8_.m IdW $tal:_ Un=oml:
:

_m

• ]
l,e mJ,l ,'alJ.v C?J Rc]tatlom 4tI_L rpm B,B ms,,akv

O. 2 LDS

1.0 I,SS

i. 2 LSS

;.l mll /_lv Cv Ro=a=lan 4el? rp_ I.l ,x/Ulv

FIGURE 12.76 TIMEBASE FOR VERTICAL PROBE AT LOCATION I AT 4000

RPM, 5.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.
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¢OMPRNY , BENTL_ ROTOR GTNAMIO
_LANT I LAB
_O8 REFERENCES NASA

MAOHZNE TR_ZN! SP_¢E SHUTTLE MOOE_

Ma=hinot ROTOR KZT _hm a IHO

0.0 _S

PLOT NO.

0.2 LSS

1, i m£L /dLv CW R=ta_LQ_ 4all epm $.t ms/=_v

0.4 1,aS

0.6 IJ3S

I:. B LBS

1.0 I,U$

FIGURE 12.77

l.O mll /air CW Ra_a_i_n L0e6 rpm 6, e ms/dlu

,.II mJ,l /c_£v ¢_1 Rotal:lon aIelS rpm m. II mn_'¢l/v

i i ? : : /

-L.O mll /diw CW Rot.a_,lan 4i113 rpm 6.11 mm,,aiv

_L.II mll /_liv ¢W RO&a_,ion 41lll? rpm li.t mst_llv

TIMEBASS FOR 11ORIZONTAL PROBE AT LOCATION 1 AT
4000 RPM, 5.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE TURBINE DISK, FOR

INCREASING STATIC PRELOADS.
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4!

e_

0.0 T.,BS

PLOT No,

Ctxa_U Stakm Un=amp

L.O mJ,l /q,l.v CW Rotaf.Lgn 4OQ_L rpm 8.11 mm/dl_

O. 2 ;,gs

_.1 mLl /aLv CW Ratm_on 4114 rpm 5.1 mm/aLv

O. 4 _,BS

O. 6 _BS

loe mlk /mLv cg RQti_£=n 4008 rpm B.O mw/d_

1.0 m_l /=_V CW Rotmt_an 4eeE rpm 8, t mm/QLv

_. 0 L_s

I.$ ml_ /Q_v ¢W RotmL_an 4$03 rpm I.e mm/dL_

_.. 2 Lus

t

;,| m_ /d_v ¢W Ro_m_Lan 400? rpm 8,0 mm/dZ_

FIGUI_E 12.78 TIMEBASE FOR VERTICAL PROBE AT LOCATION 2 AT 4000

RPM, 5.0 PSI SEAL OIL PRESSUI_E, 0.8 IN--GI_M UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.
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COMPANY $ BEHT_Y ROTOR DYH_rlZO
PLAHT S, LAB

_0B REFEREHCE| HAS_

MRCHZHE TRRZNS SP_¢E SHUTTLE MOOEL

MaG_net ROTOR KZT ¢h8 4 2H0

S_omaW S_ate U_comp

Pt.OT NO,

0.Q

0.2 '.US

0.4 LBS

L.I mL1 /d£v ¢_ Ro_.at*nn 4t114 rPm 8,e ms/a,Lv
i. i

' r ' ,
_.ll m_l /cl_ ¢TJ Rot, m_._an 4018 rp_ 6.$ me/cliv

O. 8 LaS

L.O m_ /dLv ¢_ Rotation 4016 rRm 6, t m_/Q_v

L. 2 L_S

X.O mL_ /OLV OV Rota_Xon 48iE rpm i.i ms/d_v

&,t mkl /_Lv ¢_ Ro_o_*gn 4007 rpm i.0 me/@*v

FIGURE 12.79 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 2 AT
4000 RPM, 5.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN TBE TURBINE DISK, FOR
INCREASING STATIC PRELOADS.
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¢OHPANY Z BENTLY ROTOR OTN_O P_OT NO.

PLANT | LAB

J08 _EF_RENCE! NASA

HACHZHE TR_ZH8 SPRCE SHUTTLE MOOEL ,

HmGhL_ml ROTOR KZT Chl 6 3_0

I¢Ii¢y Sti¢l Uncomp

O. 2 LOS

1.1 ml_ /dLv CW Ro_m_lOn 41t4 rpm |.O ms/_v

. ,

0.9 I, BS

1. o L,nS

Z.2 baS

l.e m_ /a_v C_ Rota_Qn 41|| rpm S.! mm/div

I.I m_ /¢*v OW Ro_a_on 4116 rRm 6.1 mm/dlv

_.1 m*l /_£v OW go_mt_on 4t$3 Ppm $.1 ml/d_v

1. l mA 1 /dAy OW RQ_I_Aan Ill? rpm 6.9 ma/O1v

FIGUP_ 12.80 TIMgBASE FOR V_TICAL PKOB_ AT LOCATIO_ 3 AT 4000

RPM, 5.0 PSI S_AL OIL PR_SSU_, 0.8 I_-G_A_ _BALANCE
LOCATgD I_ THg TURBI_ DISK, FO_ I_CB_ASI_G STATIC
PRELOADS.
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I PLANT_rlPANY IL 8ENTLY R01"0R0¥NMMICI.A8 Dt,.OT NO. _II l_.

I JOl RIFIRE[N¢_II NASA _ l

. rlACMZNl TRAINI SPRCE SHUTTLE MQOll.

C O. 0 X,B$

f
O. 2 X,US

c O. 4 ;,aS
L." L2

0

i

I"

,..1

,m,*_, 0.6

1,$ mJ,_ /d&v G1J Ro_.a_,2an 48118 rpm S, ll ms/dLv

1.$ m22 /dXv ¢U RQLa_XOn 41$$ rpm 5..e mm/aLv

0 • 8 I,BS

1.0 ;,DS

;,e m12 /=_v C_ Ro_a&&an 4113 rpm 8, e m_/aL_

FIGURE 12.81

Z,_S .... "-_"- "-"'_ I

1,1 m,i,J./dIV ¢;W H|t,-1_,J, gn ill,?'rpm I,S m|/;ILv

TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 3 AT
4000 I_M, 5.0 PSI SEAL OIL PRESSURE, 0.8 IN--GRAM
UNBALANCE LOCATED IN THE TURBINE DISK, FOR
INCREASING STATIC PRELOADS.
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P_QT NO.

J..e rn21 /clJ.u C_ Rq_.st.Lan 4111 r.pm 8. o ms.'"_.v.

1.l mLl /d_v CU Ro_a_L=n 4116 epm S.I ms/_Lv

O. 2 LU$

0.4 L_S

U

C>
k,

Q
b_

O. 6 LDS

• 6

!
.i

_.l m_ /dLv CW RO_m_Qn 4eli rpm S.t mq1_v

FIGURE 12.82 TIMEBASE FOR VERTICAL PROBE AT LOCATION 4 AT 40(}0
I_PM, 5.0 PSI SEAL OIL PKESSURE, t_.S IN--Glt_.M UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PltELOADS.
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0

C=

0

_J

;k

,,.0 _S

0.2 LSS

O. 4 LDS

0 • 6 Li)S

O. 8 LBS

_.0 LX)S

;.2 LBS

P_OT HO.

S_medW Sta_m UnComp

Jk,O mJ.l /cl£v ¢W Rol:aP.£on 411tl rpm 6.1 me/OLv

:k. II m,l.l /CI_v Cta Rotar._on 4005 rpm S. l eulclkv

L 1,1l aJLI /d.i.v Cl,i Rot:a_J, an 4017 riom S,I sJ,,OJ_V

FIOI.TIgJ_12.83 TIMEBASE FOB. HORIZONTAL PB.OBE AT LOCATION 4 AT

l 4000 RPM, 5.0 PSI SEAL OIL PRESSURE, 0.8 1N--GRAMUNBALANCI_ LOCATED IN THE TURBINE DISK, FOR
INCREASING STATIC PRELOADS.

L, I mL,L /dL_ Cf_ RoP.llr._on 411: rpm 5,11 ml/O_._
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COMPANY! 8ENTI.YROTOROYhlRI'IZC
PL._NT 1 '..RB

,.108 REFERENCE! NASf4

MAcHlrNE TRRIN| SPRC_ SHUTTLE MODEl.

Me_=h_ne; ROTOR KZT

PLOT No.

I iI
Cha L _VO

$%maaW Stmtm Un=omp

l.e m_ /d2_ CU Ro%e_=n 4ee3 rpm 5.e mt/_v

l.O 1,13S

l,e mL_ /d_v C_ Ra_a_n 4leo rpm 8.$ ms/air

t

,i I

&.
t_

} t'

%.! m_ /dLV ¢_ RO|I_n 4117 rpm |,i ml/alv

FIGURE 12.84 TIMEBASE FOB. VEIITICAL PROBE AT LOCATION 5 AT 4000

RPM, 5.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE

LOCATED Ii_ THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.
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L_

0
k,

C=
<
0

C_

O. 0 LSS

PLGT Ho,_

1. I m_ /d_v ¢W Rotl|_On 4011 rpm |.1 ml/dLv

1,1 mL2 /OLV OW Rotation 41i3 rpm 6.1 mm/O*v

O. 4 LDS

O. 6 LB$

1,1 ml; /dLv CW Rola_On 4II6 rpm 6,0 mm/OLv

o. 8 LBS

l.e mL_ /_£_ ¢W Ha_s_Lan 4it4 rgm _.l mm/QL_

• 2 L_S

L.8 m_ /dl_ ¢W Ro_a_on 4003 r_m 6.0 m|L/dlV

L &,l mll /qlV G_ RO_a_1on 4997 rpm ll, ll mS/OIVFIGURE 12.85 •TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 5 AT

4000 RPM, 5.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM

UNBALANCE LOCATED IN THE TURBINE DISK, FORINCREASING STATIC PRELOADS.
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COMPANY ; 8EHT_Y ROTOR DYN_MZ_

PLAHT ! LAB

JOB REFEREHCE! HAS_

MRCHZNE TRRZNI SPRCESHUTTLE MOOEL

Mlohinwl ROTOR KZT Ohe 3 BUD

PLOT No,...._.._.

0.0 LOS

|tIIIW ItlII UntIllmlI

1.8 mil /_Lv CW RQ_l_lan Iltl rpm 5. l mm/dLv

O. 2 LUg

O. 4 J,B5
[,]

0

1.O m_ /d_V OW RQtl_gfl ills rpm S.I ms/_v

,<
O

i,,.1

O. 6 L,DS

0.8 X,BS

L.t m_l /d_v CW Roll,Ion 4le4 rpm |.I m|/aiv

1.0 LUS

1.2 LSS

l..t m_ /_llv _:W RoP.iP4gn 4ll=l rpm

!-- /
&.l mill /QIV CW RoP,,iP, lon 4117 rpm

/

|. I ml/_llV

m

I. O ml/llv

FIGURE 12.86 TIMEBASE FOR VERTICAL PROBE AT LOCATION 6 AT 4000
RPM, 5.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOIL INCREASING STATIC
PRELOADS.
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I

o.o I_s

O. 4 LES

_' _ _._O m tt /@Lv GW Rot*tt_n dlqli7 rpm I,I ms/_l_,V

:_" FIGURE 12.87 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 6 AT
:i _ 4000 RPM, 5.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM

U UNBALANCE LOCATED IN THE TURBINE DISK, FOR

INCREASING STATIC PRELOADS.
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NOT AVAILABLE - OIL IN THE CLEARANCE AREA

PROHIBITS THE METAL-TO-METAL CONTACT NECESSARY

FOR THE CONTACT SENSOR TO OPERATE CORRECTLY.

i

.I

.i

FIGURE 12.88 TIMEBASE FOR SHAFT TO SEAL i CONTACT AT 4000 RPM, 5.0
PSI SEAL OIL PRESSURE, 0.8 IN--GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, "FOR INCREASING STATIC
PRELOADS.

NOT AVAILABLE - OIL IN THE CLEARANCE AREA

PROHIBITS THE METAL-TO-METAL CONTACT NECESSARY

FOR THE CONTACT SENSOR TO OPERATE CORRECTLY.

• !

FIGURE 12.89 TIMEBASE FOR SHAFT TO SEAL 2 CONTACT AT 4000 RPM, 5.0
PSI SEAL OIL PRESSURE, 0.8 IN-CRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR II_CREASING STATIC
PRELOADS.
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COMR_HY ! BENTLY ROTOR OYN_MZ_
PLAHT ! LA8

J08 REFERENCE! NRSR

MACMZNE TRAZH! $PRCE SHUTTLE MQDE_

_ecm_m$ ROTOR KZT Clm, _ RUB BLOCK

g_ma_ 9tm_I U_onm_

P_OT No.

O. 0 LBS

Q

Q. 2 LDS

O. 4 LBS

O. 6 L9$

O. O LBS

1,i m£1 ,'dl_ CW Rota_lan 4lee r:m 5.e ms/qLv

0 , e

l.e :,1 /=_v cv Rotarian 4ee3 rpm 6.0 mm/=*v

°

;,i mll /dlv CW RO_m_I:M 41li rpm 8.1 mm/a_v

l,O mLl /div ¢W Ro_ation 4948 rpm 6,e ms/dlv

L

L

1.0 LDS

l.O mL_ /d_v ¢_ RO_e_lQn 4004 rpm l.O m_/dlw

_* I :_i /ql_.v C_,l RS_.eP._,ilf! 4003 rpm I,O me/dJ, v
CONTACT

T

1,11 mll /d_v Ckl Ro_.ar.lon ,tee? rpm I,e mm/;Jlv TIME

FIGURE 12.90 TIMEBASE FOR SHAFT TO KUB BLOCK CONTACT AT 4000
RPM, 5.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE

LOCATED IN THE TURBII_E DISK, FOR INCREASING STATIC

PRELOADS.
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COMPANY" : BENTLY ROTOR OYNRMXC

PLRNT | LAB

30B REFERENCE: NRSR

MACMZN_ TRRZN| SP_CH SHUTTLm MOOEL

Magminet ROTOR KXT Oh_ • IUO

PLOT N=.

StmmQW Stall UNCOMP
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COMPANY L BENTLY ROTOR OYHRMZO

PLANT ; LAB

JOB REFERENCE: N_SA
MACHINE TRAZH; SPACE SHUTTLE MOOEI.

Machina; ROTOR KXT Oh8 3 &UO

PLOT No.

StaadW State UNCOMP

Ma=hinm: ROTOR KZT CML_ 2HO

StmaQW S¢itB UNCOMP

- )
,,I

'0.
\
0..
Q.

E

Q

-- II

I
,,q

- Ill
U

1.2 LBS_ _ _

u i. 0 LBS_ _ _

0

_, O.B LBS .

F --
0,0 I'' I' ' I " ' I ' ' I ' ' ! ''_"

I & ;I 3

- o 40e3
/

--' _ 4

4e$4

4eel rpm

'1 I I
O g 10

HammLmg WLn_mw

I i

4 S l

FREQUENCY (kCpm)

,.4

n
Q.

E

0

u II

II

u
¢1

a
n

FIGUB.E 12.92 SPECTP,.AL CONTENT AT PROBE LOCATION 2 AT 4000 ltPM,
5.0 PSI SEAL OIL PKESSUB.E, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOB. INCREASING STATIC
PKELOADS.
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COMPANY : BENTLY ROTOR OYHAMZC

PLANT ! LAB
OOB REFERENCE: NASA

MACHINE, TRAZNZ SP_CE SHUTTLE HOOEL

Machine: ROTOR KIT Chl 6 3UO

PLOT NO,

StiadW Stati UHCOMP

i {%

• I

u 1.0 LBS_ _ / k_

_" 0.8 LBS ....

o_ 0.6 LB

)t.
m 0.4 LB .. A

0.0 LDS _, - - ,' _- • -- /'_
I ' ' I ' ' I ' ' I _ _ 1 ' ' I ' ' I ' ' I ' " I ' ' 1 ' '
It

m

/

4ee5

4ee6

4005

i 46e4

4881 rpm

i R 3 4 6 6 ? 8 9 19
FREQUENCY (kcpm) Hanming Win_ow

Macminii ROTOR KIT Chg O-3HO

SilaQW Stati UNCOMP

"4

i
-,I

II

a.
s

I. 2 LBS__ /k
_J 1.0 LBS t _' -_ _ ) _
U _ __ _± . A

o

m 0.4 J __Jk . ...._
/

4987
ace3

• 4ee5

40%6

, 4e06

0.2 bUS - ' "-- lee4

0.0 LBS P' '-i' '-i ,-Tl_ _ I' '_ '' i '-' i _ '-F",' i ' ' ,,,* ,"l_,,,

FIGURE 12.93 SPECTRAL CONTENT AT PROBE LOCATION 3 AT 4000 RPM,
5.0 PSI SEAL OIL PRESSURE, 0.8 IN--GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.
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:, Ij,,,: _1"-L,1_ - _ _ .,_ -

U
"/'i

i'j 4

L

!

-1 IDI -

iL-
L
!
!

Maohinm! ROTOR KZT ChW • 4HO

Stmmdg Storm UNCOMP

v -_=,.-.. _, i i' ,'

m

O

|

®
Q

g

!

FIGURE 12.g4 SPECTP,.AL CONTENT AT PROBE LOCATION 4 AT 4000 RPM,

SEAL OIL PKESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN
THE TURBINE DISK, FOR INCI_EASING STATIC PKELOADS.
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Ina=_inm" ROTOR KIT Ct_W ;i 5MO

StllliClld Statll UNCOI'll:

0
a.,

<o
,-I

...... ,..,i -/,.,.
.i ::.,,I/.,::

II t ;i _ 4 IS 0 "1' • fl LO
FREQUENCY (k=E,,a) Henn.Lng _l_,n_ow

Q,

i

Q

.(

tt

II

II
u
_n

o,

(z

E

1
!

FIGUKE 12.95 SPECTRAL CONTENT AT PROBE LOCATION 5 AT 4000 RPM,
5.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOE INCREASING STATIC

PRELOADS. I
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_m_ w_li_- _L_2'__

m

0

Stma_W Statm UNOOMP

_i , ._ A -/4,.

" °__°'; -_.-'qlI'- --...... -- - """

0.0 LIJS r-_-,-_-, ,-r ,--T--_ ,-_ i "r-r'T"_' , , , I-, , I ' ' I ' ' i ,eo r.m
O 1, a Q 4 IS • ? • 9 ,le

IERE_UENCY (k_pm) HannJ, ng _inc:low

FIGURE 12.96

/

°

S

SPECTRAL CONTENT AT PROBE LOCATION 6 AT 4000 RPM,
5.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOK INCREASING STATIC
PIIELOADS.
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F .....

|

5

• e

/

/ /u 1.0 LBS

0_ / 4e83

O 0 ..... __ 4sos

0.4 LDS 4ses

0 2 / 4_

, 0 I I ' ' I ' " I- _ ' I ' ' I ' " I ' ' '1 ' ' I ' ' |4gee rpm

e 1 _ 3 _ 5 S _ 8 _ 18
FREQUENCY (kcpm) Manning Win=ow

|

8t _ -.

i:

t
em_

i,

t ll

I! ',

_" .._.

FIGURE 12.97 SPECTRAL CONTENT FOR SHAFT TO SEAL I CONTACT AT .-
4000 R/'M, 10 PSI SEAL OIL PRESSURe, 0.8 IN-GRAM

UNBALANCE LOCATED IN THE TURBINE DISK, FOR
INCREASING STATIC PP_ELOADS.

l.acl_inm: ROTOR KZT ChS (I SeJ_l. CONTROTOR It;_

Stma_W Statm UNCOHP

;!

1.2_Bs/ / - 1
_..0 T.BS/ _ ! - _ "'

[" ' " - _-- I 4co4 ..4 i

!

t -°°- -" -o'o"--
FIGURE 12.g8 SPECTRAL CONTENT FOR SHAFT TO SEAL 2 CONTACT AT

4000 RPM, 5.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LO_ATED IN THE TURBINE DISK, FOR

INCREASING STA:_IC PRZLOADS.
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FIGUKE 12.99

FIGURE 12.100

4894

4006

4ee3

4eee rpm

1 ;_ 3 ,t 5 6 7 8 9 le
FRE¢IUENO¥ (kQl:m) Hinnin t Wim(:¢w

SPECTRAL CONTENT FOR SHAFT TO RUB BLOCK CONTACT

AT 4000 P,.PM, 5.0 PSI SEAL OIL PI_ESSURE, 0.8 IN--GKAM
UNBALANCE LOCATED IN THE TUI%BINE DISK, FOR
INCREASING STATIC PR.ELOADS.

RAI)I ^I,
PREI.OAD
FORCE

P 1 P2 I't [ p._ r£ P_,

3

I

.1 -2

M

i. -4

_ _, _ .

 '?il
ROTOR MODE SHAPE AT 4000 RPM, ?,5 PSI SEAL OIL
PRESSURE DUE TO 0.8 IN--GIL4M UNBALANCE LOCATED IN
THE TURBINE DISK.
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COMPANY : BENTLY ROTOR OYNANZC PLOT No.
PLANT : LRB

"_0_ REFERENCE! NASA

HAOHINE TRAZN: SPACE SHUTTLE MODEL _,

Ma¢_inl: ROTOR KZT Ch_ 2_1UO @ dBg. _

Machine: ROTOR KZT Ch_ IHD dBg.2 27e
St_a_ Stata Unc=mp _.i

UP UP UP UP

¢>

I

4e1_ Ppm

°1
491T rpm

• e.Ge mi_ /div

FIGURE I2.101

481,,4 rpm•

0

i,-il

I W

I

ol
I

48t6 r=m 481s Ppm

4@17 rpm 4819 rpm
CW Rotati:n

ORBITS AT PR.OBE LOCATION 1 AT 4000 R.PM, 7.5 PSI SEAL

OIL PI_ESSUB.E, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
TURBINE DISK, FOR. INCI:LEASING STATIC PI:_ELOAI) FOR.CES.

't ,'
I

: t

Machine: ROTOR KZT
Machine: ROTOR KZT

Ch¢ 3 2UO O _eg.
Ch¢ 4 2HD 2?8 _mg.

StaadW SCat• Un¢=mp

UP UP U_ "UP

O

4811 rpm

0

0

481_ rpm
0.58 mil /¢iv

4_14 rpm

0

4816 rpm 4615 rpm

O

i-I

{n

N

4817 rpm 4819 rpm
OW RoOa¢lon

OB.BITS AT PR.OBE LOCATION 2 AT 400n I_M, T.5 PSI SEAL
OIL PI:tESSUR.E, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
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COHP_NY : BENTLY ROTOR OYNAMZ¢
PLANT : LAB
_0B REFERENCE: NASA
MACHINE TRAZN: SPRCE SHUTTLE MOOEL

Ma¢_int: ROTOR KZT " Chl 6 3UO
Machine: ROTOR KZT. Chl 6 3HO

St:a_w State

PLOT N=.

e _lg.
278 _lg.

Un:=mp

0

U_
m

¢0

o

4e1_ rpm

4817 rpm
_.Se mil /diu

FIGURE 12.103

m

N

O " •

m

o

4_.I.4 rpm I

4e17 rpm
CW Rotation

J

O

°

4616 rpm 1

t,,,t I •

I

'4e19 r_m

° ©
0

481S rpm

ORBITS AT PROBE LOCATION 3 AT 4000 RPM, 7.5 PSI SEAL
OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
TURBLNE DISK, FOR INCREASING STATIC PRELOAD FORCES.

MlCmiml: ROTOR KZT
MlCminl: ROTOR KIT

C_# _ 4VD 8 _lg.
Ch_ 8 4H0 275 _lg.

S%la¢ W $%ltl Uncomp

UP UP UP UP

m

o.
O

48¢¢ rpm

m

o

4017 r_m
e.se mil /ely

FIGURE 12.104

N

O

o.

4017 rpm
OW Ro_.i_i_n

m

m

N

l

0

4¢15 rpm

ORBITS AT PROBE LOCATION 4 AT 4000 RPM, 7.5 PSI SEAL
OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
TURBINE DISK, FOR INCREASING STATIC PRELOAD FORCES.
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COMPANY I _ENTLY ROTOR OYNAMIO

PLANT ; LAB

_OB REFERENCE: NASA

MAOHZNE TRAZN; SPACE SHUTTLE MODEL

Machine: ROTOR KIT C_ I 5UO.

Machina: ROTOR KIT Ch_ 2 5HO

Stme_W $tatm

PLOT N=.

g _Ug.

2"r0 _eQ.

Un¢=mp

UR

0

0

;011 rpm

0

0
4616 rpm

1.0 mii /di,_

FIGURE 12.105

UP

0

UP U_

m

CD
0

0

4013 rpm m

Ot

r,t

4015 rpm
m.

I/I

4014 r=m

4616 rpm 4016 r;:m
OW Rm1=atimn

ORBITS AT PROBE LOCATION 5 AT 4000 II2M, 7.5 PSI SEAL
OIL PRESSURE, 0.8 IN-GIL_M UNBALANCE LOCATED IN THE
TURBINE DISK, FOR INCREASING STATIC PI_ELOAD FORCES.

Machine: ROTOR KIT ChW 3 6UD @ _mg.

Ma¢_£nm: ROTOR KIT ChW 4 6HO a70 _eg.

Stma_W Stain Un¢omp

,i
• ,

!I

J

J

A

. &

!
d

UP UP UP UP

M

0

4011 rpm

4016 rpm
1.$ mll /Qiv

FIGURE 12.106

m m

0 0

4013 rpm

9

I

40_6 r'pm
DW RQt,.t.iun

9

4015 rp¢

/
#

4elS r_m

4614 rpm

ORBITS AT PROBE LOCATION 6 AT 4000 RPM, 7.5 PSI SEAL
OIL PRESSURE, 0.8 IN--GRAM UNBALANCE LOCATED IN THE
TURBINE DISK, FOR INCREASING STATIC PRELOAD FORCES.
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COHPANY -" OENTLY ROTOR OYNArI:[O PLOT NO.
PLANT ! LAB

,.1On RF.FI':'._I_IICF, I II_tS(I

['IACHXNE TRAZN: SPACE SHUTTLE Hoor.L

PIaCP_J_I: ROTOR KZT CI-t# I IUO

0.0 I,B$

0.2 1.0S

l,e m_ /q_v cw RQ_a_2o_ 4014 rpm S,O ms/alv

O. 8 ?.,as

._. 0 bQS
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COMPANY | 8ENTLY ROTOR OYNRMZO

PLRNT : LAB

_O8 REFERENCE; HASR

rlRCHZNE TRRZN: $PRCE $HUTT_S MODEL.

Nach_ne! ROTOR KZT Chm _ IHO

0.0 LBS

PLOT NO,

lit tac_u SP.atw Ur',c:clmp

1.11 m_l /d_ CW RoCa_on 41111 rpm 5,1 ms/Olv

0.2 bUS

1.11 m_l /div CW Rota_Lon 4014 rpm 5.0 ms/_u

O, 4 I, BS
U
t,_

__ o. 6 LBS

0.8 LBS

1.0 m_l Idly CW Ro_a¢¢on 4017 rpm _.t ml/_v

1.2 b;_S

A,I m_l l_2v ¢U ROtation 4111 rpm $.0 ms/dLv

FIGURE 12.108 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 1 AT
4000 RPH, 7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE TURBINE DISK, FOIl
INCREASING STATIC PIIELOADS.
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O. 0 LBS

PLOT Ho.

S_eld_ S_ate Un=omp

?

l,.

_ O. 4 LBS_4

0
;w

L °,c
Q

ta

= 0 6 M3S

O. 8 LBS

1,0 m;-I /¢_J,v '*CW Ral:mtlor_ 4ea.], rpm 5,1 ms,'cl_v

• I
1.i m_l /aLv CW Ro_a_2on 4014 rpm 5.e ms/_£v

1.i m_l /G_V CW RO_m_lo_ 4016 rpm 8.0 ms/d_

1.0 mJ.Z /clJ, v ¢w Rar.ml_J, on 4018 rpm 8.0 ms,,ciiv
¢1

1.i mLl /Qiv CW Rotm_mn 4017 rpm 6.e ms/dLv

_.. 0 LDS

.1.. 2 b_S

&,O m_1 IdLy CU koCa¢¢on 4e&? rpm 8.0 mw/d_v

'-_"_'i |j, 1,11 m_l /di_ CW Rot, m_,lc_ra 4019 rpm E,,$ ms/oiv

d_- L_ FIGURE 12.109 TII_ _,_E

_. RP] .sPS
| LO( El) I

u., PRELOADS.

i
:_f_- 2................... _'"_',

TIMEBASE FOR VERTICAL PROBE AT LOCATION 2 AT 4000

RPM, 7.5PSI SEAL OIL PRESSURE, 0.8IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC



COMPRNY , 8|HTLY ROTOR OYHRM;O

PLANT I LAB

_08 REFERENCE! NASA

MACHXNE TRRXN_ SPACE SHUTTLE MODEL.

Me¢_4nul ROTOR KXT Chl 4 aHO

P_OT No.

0
r.,_.

0

0
,-I

9_tedW Sto_o Un=o,._

1.0 mA4 /d_V CW Ro_a_4on 4011 rpm 5. t mm/aAv

0.4 LBS

0 • 6 IJ3S

0.8 LBS

A.-$ mAR /OAr CW RQ_a_Aun 4014 rpm 6.0 mm/_Av

° .

o

_t

t

L

i

r_

4t4

8

l.e mAl /dAy CW Ro_m_lon 4O19 rpm 8.0 mm/dlv

FIGURE 12.110 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 2 AT
4000 RPM, 7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE TURBINE DISK, FOR :S
INCREASING STATIC PRELOADS ...... ,|
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COMPANY Z 8[NTLY ROTOR OYHAMZQ
PLANT Z LAB

308 REFEREHCEI NASA

MACH_HE TRAZH! SPACE SHUTTLE MOOEL

Machine& ROTOR KIT Ch_ S 3VO

Stmed_ State Un=omp

PLOT NO.

C=

O

CL
O. 6 LBS

O. 8 LBS

• ° . .

I.I m_l /_u ¢, Ro_*t_on 4117 rpm |.O mm/dlv

2..t m]_l /;IJ.v G;/ RO_I_Qn 41_9 rpm I.e ms/clLv

FIGURE 12.111 TIMEBASE FOR VERTICAL PROBE AT LOCATION 3 AT 4000

RPM, 7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC

PRELOADS.
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COMPANY Z BEHTLY ROTOR OYHAMZC

PLANT I L_8

_O8 REFERENCE! HASA

MACMZNE TRRZNI SPACE SHUTTLE MOOEL

rla=h_m: ROTOR KZT Ch_ E :HO

0.0 LBS

O. 2 LOS

O. 4 I,,DS

O. 6 LDS

O. 8 LB$

P_OT NO,

'i
,I

"i
,4

4

• .J

w_

.,, |

Ro_m_,mn 41L? rpm 8.0 ml/O_v "i
I m_ /CI_.v cw

i £,0 m_,,l, /_,V (:W RQti_,_on IIIll_li rpm l. ll' ml/¢l/_v TFIGURE 12.112 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 3 AT

4000 RPM, 7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM

_i_ UNBALANCE LOCATED IN THE TURBINE DISK, FOR
INCREASING STATIC PRELOADS.
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O. 4 LBS

O. 6 LOS

JL. e mJ,l /¢l_.v C_ RQP, aP._On 4_DLIS rpm 6. O mll/O_v

L.e mLl /_lIv Ckl RoP, aCLon 4017 rpm IS.O ml/cllv

l
¢.O m_,J, /dL_ CtJ RQtaP, lort 4117 rpm 8. ql ml/Olv

_.O mAX /oily q_kl Ror, aP,_orl 49X9 rpm I.O mll/Qiv

TIMEBASE FOIL VgRTICAL PROBE AT LOCATION 4 AT 4000
B_M, ?.5 PSI SEAL OIL PRESSURE, 0.8 IN-GlUM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.
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PLOT No.

O. 4 LBS

0. B LBS

1.0 I, i3S

I.Q m_l /dlv CW Rotl_Qn 4817 rpm 5.| mm/d£v

I.! m,L,L /dLv

1.2 LBS

L.O mll /Olv CW Rotation 4t19 rpm 6.! mm/alv

FIGURE 12.114 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 4 AT
4000 RPM, 7.5 PSI SEAL OIL PRESSURE, 0.8 IN--GRAM
UNBALANCE LOCATED IN THE TURBINE DISK, FOR
INCREASING STATIC PRELOADS.
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L

L

L

t

I

I.
i
f
L

L

h

Stae_U 8tara

P_OT No.

M_oomp

0.0 _S

1.i m11 /d_v O_ RoOa¢2Qn 4813 rpm 8.8 mn/div

• ° ° ....

1.0 m_l /QOv ¢W Ro¢o_an 4810 rpm 6.8 mm/¢Lv

1.0 LOS

i

FIGURE 12.115

L,e m_l /dLv OW Ro_.aP._on 4III rpm I,I mB/dlv

TIMEBASE FOR VERTICAL PROBE AT LOCATION 5 AT 4000
RPM, 7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.
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COMPANY I E|N1%¥ ROTOR OYN_ZC
P_qHT I L_8
_OE REFERENCEI HAS_

HACl"IZHE TR_ZH; SP_¢E SHUTTLE MQOEI.

Hach¢_l; ROTOR.KZT

0.0 1_S

RLOT No,

Chll. a ISHO

llt, ea@W S¢*l:l Ur,earap

l,e m£¢ /d_ ¢W Rota¢¢=n 4111 rpm E,I m_/_Lv

U
¢;
O
L..

0.2 has

0.4 LaS

1, e m¢¢ /=_v CW R=ta¢_on 4113 Ppm $.l mB/_Lv

1,1 mi1 /=L_ C_ RQta¢lan 4e15 rpm S,I ms/qlv

_4

= 0.6 bBS

_.l m21 /qL_ ¢W R=¢l_an 4118 rpm 6.1 mn/_£v

_..0 ;.US

L

Z.2 b_S

FIGURE 12.116

_,oll m11 /c11_ ¢U Rat.m_J, on 4010 rpm _.0 ma/a_v

T1MEBASE FOB. HOB.IZONTAL PB.OBE AT LOCATION 5 AT

4000 RPM, ?.5 PSI SEAL OIL PIIESSUR_, 0.8 IN--GRAM
UNBALANCE LOCATED IN THE TUIIBINE DISK, FOB.
INCREASING STATIC PR.ELOADS.
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PLOT NO.

V_omp

0.6 LDS

O. 8 LBS

]..0 LDS

FIGURE 12.117 TIMEBASE FOB. VERTICAL PB.OBE AT LOCATION 6 AT 4000
I%PM, 7.5 PSI SEAL OIL PRESSUP_, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TUB.BINE DISK, FOB. INCREASING STATIC
PB.ELOADS.
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COMPANY ; B_NT_Y ROTOR DYNAMIC PLOT No. m
PLANT ! LAB

_08 REFERENCE| NASA

_IACH_HE TRAZN| SPACE SHUTTLE MOOEL

MeQh_nwt ROTOR KZT ChR 4 6NO

S_ia_ State UnCam_

0.0 LBS

O. 2 I.,_$

/;.0 mll /div CW Rota_on 4113 rpm 8.0 ms/a£v

o

• i

F=i

i

0.4 LBS

m
o
u.

Q
<
0

:c O. 6 LI3S
G,

l.e m£_ /div CW Rota_Lon 4elG rpm 6.$ ms/air

"1

1.2 LI;1S

-m

1.0 mil /=_ C_ Aotmtir.n 4q;_ rr., ti.I me/oily

FIGURE 12.11_ TIMEBASE FOR, HOI_iZO,_TAL PP_OBE AT LOCATION 6 AT
4000 B.Pbi, 7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE TURBINE DISK, FOR
INCREASING STATIC PB.ELOADS.

I

1

t
364



/

NOT AVAILABLE - OIL IN THE CLEARANCE AREA

PROHIBITS THE METAL-TO-METAL CONTACT NECESSARY

FOR THE CONTACT SENSOR TO OPERATE CORRECTLY.

FIGURE 12.119 TIMEBASE FOR SHAFT TO SEAL 1 CONTACT AT 4000 RPM, 7.5
PSl SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.

NOT AVAILABLE - OIL IN THE CLEARANCE AREA

PROHIBITS THE METAL-TO-METAL CONTACT NECESSARY

FOR THE CONTACT SENSOR TO OPERATE CORRECTLY.

FIGURE 12.120 TIMEBASE FOR SHAFT TO SEAL 2 CONTACT AT 4000 RPM, 7.5
PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.
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COMPnNY ! BENTLY RQTOR*DYNAMZO

PL_HT I LA3

_OB REFERENCE! NRSA

MRCHZN6 TRRZMS SPRCE SMUTTLE MODEL

Mi¢_nt= ROTOR KZT C_I • RUE B_0CK

StDmd W Sta_W _na_mp

PLOT HO.

0 • 0. Z,BS r_ $ i

0.2 ;.US

1,e m_l /d_v CW RQtm_an 4811 rpm 8.e mm/=lv
r

-- e r

1.8 m_ /_iv CU Rata_2on 4e13 rpm 8. e ms/dlv

!

.J

• &

L_
t_

O
k.

0.4 I, BS

C_ L,e m_1 /div CW Rata_=n 4818 rpm §.e mm/d_v

b;
=: 0 • 6 I, D5

1.8 m4_ /d_v CW Rata_gn 4814 rpm 5. g ms/d_v

0 • 8 ;,BS
I $ I

CONTACT

NO CONTACT

[.J m_ /lily CW Rg_i_=n 411| rpm 8.1 mw/=_v

1,| m_1 /'_l CW RobinSon 4118 rpm 6.0 mm/_*v

FIGURE 12.121 TIMEBASE FOR SHAFT TO RUB BLOCK CONTACT AT 4000

RPM, 7.5 PSI SEAL OIL PltESSUKE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOK INCltEASING STATIC
PItELOADS.
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COMPANY t EENTLY ROTOR OYHRHZC

P_ANT : LAB
JOB REFERENCE@ NRSR

MRCHZI_ TRRZNt EPRCE SHUTTLE MODEL

Machine: ROTOR KZT Cht¢ IUD

PLOT NQ.

5tmadW Statm UNCOMP

u 1.o LBS/x.__ _ _0 ' 17 " "

0.8 I,BS/x

_ . .--_--

o.4 CBs - /" "

0,2 LL_8 /_ . " '.--.- _-- i- "

• . . / "

i

/
• _"" / 4e19

/

/

; /.:;2'
J"- / 4@_4

; 2 3 4 5 6 ? e 9 le
FREQUENCY (kmpm) Hmnning Wim_ow

0.-

0

0

w ,.q

-- I!

w

u

el
E

Mac=hine: ROTOR KIT Ch# 2 11-10

StaldW Sl_m_.m UNCOMP

, 1.2 LBS -- " /_ 4eJ.9
--

{ M i. O" LBS/-.- "
U ,, _ _ /__, 40_.7 \

0 a

a, 0.8 LBS . -- • _ - ,e_? ._

O 0.6 LBS F - - 4els -.°"

0.0 LOS F_I-_ . i , "v_' , , r. , _ , . _', _ , , _ '_
@ ,t I _ 4 6 IS ? • 9 10

" FREQUENCY (k,,pm) Manning Wind¢_w

!I _ FIGURE 12.122 SPECTRAL CONTENT AT PROBE LOCATION I AT 4000 RPM,7.5 PSI SEAL OIL PRESSURE, 0.8 IN--GRAM UNBALANCE
• LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC

L_ 367
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COMPANY ¢ BENTLY ROTOR OYHAMZC

PLANT : LAB

OOE REFERENCE: NASA

MACHZNE TRAIN: SPACE SHUTTLE,MODEL

Machimm! ROTOR KIT Ch# 3 aUD

r .........

PLOT NO.

SCaadW 5tara UNCOMP

g

!1

'i

!

1.2 ,ss/_ _ A -/ -
-- -- " ' .... / 4_)19

/
u i. o LBS /______..__/

- " -- ; / 4@17

o

_" 0.8 LBS _ .__ __ .... j_ -,. _ ._ _ . /,,_, -

-2 /'""
o.2L,,sl -_-A, " _ A _/ ,.,, -

Z " A _ /,,,, -
0. 0 L13S r'T' I _ • I r , l--' 7" I "T-' I "' I ' ' I _ ' I ' ' I ' ' I .U_ _pm -

O 1 2 3 4 _ 8 ? • 9 lO

FREQUENCY (kc:pm) Hamming Win(low

rta=hina: ROTOR KZT ChW 4 2HD

• tmadW Stata UNCOMP

:)
,.i

\
O.
O.

E

o

,,.t

_t

U

O.
S

o 1.o ___ ---

,I 4011 r m0.0 LOS f_,', _,- I , , f ,-/I _r ' _ •' w., _--'TI'','' _
e & • 3 4 6 6 ? S 9 le

FREQUENCY (kc=pm) Manning Win(law

FIGURE 12.123

.4

__ k
(1
Q.

-- .q

-- ,,4

i

q
U

I

SPECTRAL CONTENT AT PROBE LOCATION 2 AT 4000 RPM,
7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.
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COMPANY : BENTLY ROTOR DYNAMZC

PLANT ! LAB-
_OB REFER_.',,ICEt N_SA

MACHZHI TR_ZNI 8PAOt IHUTTLE MOOEL

Maohint| ROTOR KZT ChB IS 3UO

PLOT No.

tOead_ lOaOa UMCOMP

q_ A /1.2 LB
-- ..... " 4019

t-'J

_:; 4e1_ _

0.8 LBS/,.__ _,_ _ _ . _=__ /X_

o o 6 Los/_ _ _ k + A / 4.,,

M / " -

_ A=, 0.4 LBS .... - '..... 4 _s -

0.2 LOS /"-- ----"--- -__A- -__ _ __/_. / ,Le_, -

, , IY " " / .... -
0.0 LJ_S ' i ' i,, f,, j ,_, i r+ i,,," "_'' I' i 4e_. ,'pro -

e 1 2 3 4 t$ 8 T 8 9 le
FREQUEHCY (kl:pm) HmnmJ, nU Window

Mmchlnm: ROTOR KIT Oh@ • 3H0

Itmadw Stigm UNCOMP

U

0
_ " .1.0 LBS _ -- -- --- "------ "--_ 4eJ.'t _

o.,,,? .. .....-/,.,,:
o.+_+ -- A __ /,,,. _

i£ 4L, ' -

° /o.o_Z _A: "- " """ -
l' ' l ' ' I ' " I ' ' [ ' ' ] ' ' I ' ' I ' ' "_' ' I ' ' | 4e11 rpm -

I 1 ;I 3 4 6 6 ? 8 9 IS
FREQUENCY (k_=pm) Manning Window

FIGURE 12.124 SPECTRAL CONTENT AT PROBE LOCATION 3 AT 4000 RPM,
7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.
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3 4 5 6
FREQUENCY (kmpm)

!
E

0

Q

-- II

Ii

u

E
_ _

L " - " --- 4el'r

a. 0.8 LBS !- __ Jl \ "

::'I-.I'i:'/"oO.o,,,.,.,,,,,,,.,.,, ,,,/.;;;'...
e _ 2 3 4 E 6 ? 8 9 It

FREQUENCY (kcpm) HinninQ Win_aw

FIGURE 12.125 SPECTRAL CONTENT AT PROBE LOCATION 4 AT 4000 RPM,
7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.
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PLOT No,

l'laclnlnm= ROTOR KZT Ch# 2 6MO

StmldW State UNCOMP

U
I:_
o

0

r_

a

FIGURE 12.126 SPECTRAL CONTENT AT PROBE LOCATION 5 AT 4000 RPM,
7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.
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PLQT Na.

Machinii ROTOR KZT Ohn 4 6HO

SOmidW SCare UNCOMP

g

. :>

\
9.
g.

..I
i

O
Q

-4

-- ||

,=I
-- q

U

Q.

_ q

4
7 1

i

t
.! f

• i

_.o_- L____J__ fl L _A _ A .. _/ ,,,, .>

. o 07 .__._7.t".- - / ""' "
0,0 _DS '' I '''-I • ' I -ri I I_l ' '-I--; ''_"-' I' '-I 4011 .pro , I

I 1 l 3 4 6 8 ? S S le
FREQUENCY (kopm) Hatnnlmg Window

FIGUI_ 12.127 SPECTRAL CONTENT AT PROBE LOCATION 6 AT 4000 I%PM,
7.5 PSI SEAL OIL PRESSURE,'0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOK INCREASING STATIC
PRELOADS.
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¢0MPANY t BENTLY NOTOR DYNAMZC PLOT NO.
_LANT | LAB

_0E REFERENCEt-NASA

MACHINE TRAZNt SPACE SHUTTLE MODEL

Machint: ROTOR KZT Oh# 8 SEAL CONTAOTOR Wl

SCmmQW State UNCOMP

u
O

o
M

/
i. 2 LBS L

1.0 LBS/

0 .8 LBS /_ . ......

0 '

0 0 LBS ", { ' ' I ' ' I ' ' I ' ' I ' ' I ' ' I ' ' I ' ' { ' ' I ' '
e 1 2 3 4 5 6 "r s 9

FREQUENCY (kcpm)

481S

4816

4014

4615

42223epm

18

HanninQ Wim_w

FIGURE 12.128 SPECTIL_L CONTENT FOR SHAFT TO SEAL 1 CONTACT AT
4000 ILPM, 7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE TURBINE DISK, FOR
INCREASING STATIC PRELOADS.

Plaohimm: ROTOR KIT 0h# S SEAL OONTAOTOR n2

SOmmdW StaOm UN00MR

/ /

1.2 LBS "- ---- / 461,
/

4016

! . -------_ ,,/"-
0.0 LDS I ' ' I ' ' 1 ' ' I 'n i ' ' I ' , I ' ' I ' ' I ' ' I • rf 46_1 _p_

I 1 a 3 4 8 S T S g le

FREQUINCY (kGp:) Hmnnlmg winaQw

FIGURE 12.129 SPECTRAL CONTENT FOR SHAFT TO SEAL 2 CONTACT AT
4000 RPM, 7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE TURBINE DISK, FOR
INCREASING STATIC PRELOADS.
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0.2 LUS

0,0 LBS

i

FIGURE 12.130

4eli r'pm

i a a 4 5 6 T 8 9 le

FREQUENCY (kmF_m) Manning Win_ow

SPECTRAL CONTENT FOR SHAFT TO RUB BLOCK CONTACT
AT 4000 tLPM, ?.5 PSI SEAL OIL PRESSURE, 0.8 IN--_RAM
UNBALANCE LOCATED IN THE TURBINE DISK, FOR
INCREASING STATIC PI_ELOADS.

RAI)IhL

I'R F.I.OA D
FUI_CB

P_ P2 P_ L p4. r'_" Pc,

5

3

2

t Ii -1

G
M "]

> -S
Z
O

ul
,,4

M

O
14

m
O -5

FIGUlt_ 12.131 ROTOR MODE SHAPE AT 4000 RPM, I0.0 PSI SEAL orL
PRESSURE DUE TO 0.8 IN-GRAM UNBALANCE LOCATED IN
THE TURBINE DISK.
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Stmmdw Stmtm

Machini: ROTOR KZT

Mmchini: ROTOR KZT
Oh# 3 2UO O deg.

Oh# 4 _HO 27e dmG.

8taldW 8titl Un=Qmp

0

UP UP UP UP

nO

0

4e13 rpm

i_2

402? rpm
8.G@ mii /div

FIGURE 12.133

9
0 0 0

0

_q

4011 rpm 4012 rpm4018 rpm

m

N '

4813 rpm 4018 rpm
CW Rotarian

OIt_BITS AT PROBE LOCATION 2 AT 4000 ltPM, 10.0 PSI SEAL
OIL PIt.ESSUIt.E, 0.8 IN-GRAM UNBA[-ANCE LOCATED IN THE
TURBINE DISK, FOB. INCI_ASING STatIC Plt_LOAD FORCES.



StemaW Stptm

PLOT N=.

8 dmg.
278 _ug,

Un¢omp

r,Q

o

o

up
JIB

• • ' ¢1
I N
I •

...... I o
I
I

¢0

o

4813 rpm m

I

4617 rpm
e.5e m_ /dCv

FIGURE 12.134

uP

u

¢n

o

4814- rpm m

I
,.

I

0

up

4816 rpm a

4

4813 rpm 4@1P rpm
OW Ratmt¢on

UP
lib

4812 Ppm

OR.BITS AT PROBE LOCATION 3 AT 4000 P,.PM, 10.0 PSI SEAL
OIL PP, ESSURE, 0.8 IN--GRAM UNBALANCE LOCATED IN THE
TURBINE DISK, FOR INCI_J_ASING STATIC PRELOAD FORCES.

I

I

J

45

Mamh_nm: ROTOR KZT Oh8 ? 4UD 0 dmg.
Ma¢h_nm: ROTOR KZT Chl 8 4H0 278 Ca 0.

Stma_W S_atu Uncmmp

up up

@,
_ , m _ _4.e811 rpm

I

I "
/

0 " H H

4817 r_m 4813 r_m 4818 rpm

UP
I •

0

4812 rpm

, i

FIGURE 12.135

I

OP,3ITS AT PROBE LOCATION 4 AT 4000 RPM, 10.0 PSI SEAL
OIL PRESSURE, 0.8 IN--GI_M UNBALANCE LOCATED IN THE
TURBINE DISK, FOR INCREASING STATIC PI_LOAD FORCES.
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COMPANY : BEHTLY ROTOR O_NAMZC
PLANT : I._@
_OB R_ERENCE: N_SA
MACHZNH TRRZN: SPACE SHUTTI_ MOOEL

Machines ROTOR KZT ChW i @UO
MeC_nR: ROTOR KZT OhW 2 @NO

0

StaadW @tara

PLOT No.

278._m@.
Unmomp

UP UP UP UP

0

4812 rpm

4@16 rFm
1.@ mil /div

FIGUl_E 12.136

fq

O

4@2@ rpm

0

i ........

L
4@&2 rpm

CW Rot,,,t_mrt

o

l

4@&5 rpm

° @_ •

N

_ -

4617 rpm

o

4 8_L_. rpm

ORBITS AT PROBE LOCATION 5 AT 4000 RPM, 10.0 PSI SEAL
OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
TURBINE DISK, FOR INCREASING STATIC PRELOAD FORCES.

Mac_inm: ROTOR KZT
MaOhi_m: ROTOR KZT

Oh# 3 6UO @ _e@.
Oh@ 4 6HO 270 am@.

StmadW State Uncmmp

° 0
0

ORBITS AT PROBE LOCATION 6 AT 4000 RPM, 10.0 PSI SEAL
OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
TURBINE DISK, FOR INCREASING STATIC PRELOAD FORCES.
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5
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1]
U

o

0
,J
I.,.I

n.

5_ledg S_mtq UmCQmp

PLOT No,

1.1 mi2 /_iv ¢_ R:_m_Lon 41_3 rpm 6. i mm/_iv

O. 2 LUS

1

0.4 LBS

:L.e mi,L /div CW RQI:.e_..kQn LeiJ. rpm 5.Si ms/di,a
r

&,S mkl /air Cg Ro_atLon d818 rpm 8.$ ms/air

O. 6 LB$

0. B LBS

1.0 LOS

1.8 mLl /aL_, ¢W RQ_m_lQn 40;3 r_m E.I mm/Okv

,_, I mLi /dk_ (:tJ RO_.a_.,Lo_'I 4518 rpm 6,11 mm/_kv

FIGURE 12.138 TIMEBASE FOR VERTICAL PROBE AT LOCATION 1 AT 4000

RPM, 10.0PSI SEAL OIL PKESSURE, 0.8IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.
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COPII°ANY : BEHTLY ROTOR OYN_CH'IZO Pt.Ol" Ha.

_. PLANT i LA8 -- ,_

,_OS REFERENCEs NAS_

MAOHZHE TRRZN$ SPACE SHUTTLE MOOEL

Mmc_£nm; ROTOR KZT Chw 2 IHO

Stea_W Stmte Un_omp

O. 0 LBS

2.e mJ;l ,/¢_2V • OW ROta_l;_n 4513 rl:'m 5.$ ma/dlv

-i t

r-,

0.4 L8$

C:

0

_J

= 0 6 Ln$

O. S L]_S

I.$ mLl /div CW Rotation 4021 rpm 6. S ms/aOv

_.. 0 _,DS

2.2 1,_S

L.0 ml1 /d2v 0_ Ro_m_lon 4010 rpm 8. e mm/_L_FIGURE 12.139 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 1 AT
4000 RPM, 10.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM

UNBALANCE LOCATED IN THE TURBINE DISK, FORINCREASING STATIC PRELOADS.
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S_nn_ S_nLe U_coInp

£.0 m11 /dlv C_ Ro_a_£Qn 491a rpm S.9 mu/=l_

0 • S Z,BS

.

i

1.0 1,95

1.1 m£1 /_L_ _ Ra_J_£o_ 4i13 rpm S.| ms/=L_

1.2 L,_S

1.11 mLl /oILy Ct.,_ RGl:mt.J, Qn 4111.11 eszm 6, II mlI/QL_ .

FIGURE 12.140 TIMEBASE FOK VERTICAL PIIOBE AT LOCATION 2 AT 4000

111)M, 10.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.
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COMPANY ! BEHTLY ROTOR OYNRMZC

9LANT : LAB

_0E REFERENCE: NASA

MACHINE TR_ZH_ SPRC_ $;IUTTLE MODC_

|'lac_i_e: ROTOR KZT " ChP 4 2HO

O. 0 _BS

P_0T NQ.

_teed_ S_e_e U_=omp

O. 2 L_S

1._ mii /=iv CW RQ_a_i:n 4e1: rpm 5.0 ms/_iv

E,]
O. 4 LBS

i

1.0 mil /=iv Cla R:tati:n 4018 rpm S.e me/air

C=

_a

0.6 ;,_S

;.e mil ldiv CW R=_aLio, 4t12 rpm E.I ms/Oiv

_.. 0 LDS

L.0 m_ I@_v CW Ro_a_ion 4e13 rpm E.0 ms/div

L,e miJ, /dlv CW Rot.ar.lurt 411_0 rpm s,e mm,,cllv

FIGUI_ 12.141 TIMEBASE F01L RORIT,0NTAT, PROBE AT T,0CATION 2 AT
4000 KPM, 10.0 PSI SEAL OIL PKESSUI_, 0,8 IN-GRAM
UNBALANCE LOCATED IN THE TURBINE DISK, FOE
INCREASING STATIC PP_ELOADS.
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COMPANY ; 8ENTRY ROTOR OTNAnIC -.

PLANT : LAB

_OE REFERENCE: NASA

MAGHZNE TRAZN: SPACE SHUTTLE MOOE_

Magi&hi: ROTOR KZT C_m 6 3VO

Staadg Stats U_QQmp

P_OT N_,

0.,0 _-B$

_,Q m_ /d&_ C_ RQ_mt&Qn 4eL3 rpm G.g ma/d&v

o.2 I.B$

k,i m&& /Q&v :W Rato_&an iSZI rpm 6,I mm/Q&u

0

0

"-- 0 6 LI3S

raP,*

O. l _BS

;,ll m&J /dlv ¢W RO_ar._.on 411| rpm I,O mmta_v

_IGUR_ 12.142 TZMEBASE _OR VERTICAL FROBE AT LOCATION 3 AT 4000
RPM, 10.0 FSI SEAL OIL FR_SSURE, 0.8 IN-GR_M UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.
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LI

L

I

k

(

t
1'

I

t
1

I.

1

H

PLOT NO._

o, 2 LOS

1.8 m£1 /_v

I

CW Rotation 4e1: rpm 6,0 mm/O_v

r,,1
_J

O. 4 LB$

o
u.

0

LQ

c_
0.6 LOS

L*0 miZ /d_v C_J Ro_at_on 4$L= rpm §.l mm/dlv

0 • 8 LB$ _"-------_P---_

_.e m41 /a_v C_ Rotation 4e17 rpm 6. t m_/_iv

1.2 Lu$

FIGURE 12.143
l.S m_l /dlv CU Ro_a_=n 4018 rpm 6. t ma/=_v

TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 3 AT

4000 RPM, I0.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE TURBINE DISK, FOR

INCREASING STATIC PEELOADS.
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J

L_

O
b.

e_

. O

1.8 miL /air CW RGtl_iGn 4813 rpm _.e mm/div

O. 4 LBS

Z.e mi[ /_i_ CW RQtaLiQn 4018 rpm E.0 m_/Oiv

'°_

1.8 mil /Q£W CW RQ_a_iQn 4012 rRm 5._ ms/_iv

&.l mii /dl9 CW R_m_i_n 40L? rpm 5.@ mm/di_

i,i mil /dlv CW R_i_i_n 4_13 rpm _*l mw/Qi_

F'_ " l.O mi,_ /cli_ ¢W Aot,_t.Ion 4el0 rpm 6, il mm/dl_

_:=- FIGUILE 12.144 TIMEBASE FOB. VEB.TICAL PB.OBE AT LOCATION 4 AT 4000 i

_ RPM, I0.0PSI SEAL OIL PI%ESSUKE, 0.8 IN-GKAM UNBALANCE
:_ LOCATED IN THE TURBINE DISK, FOB. INCB.EASING STATIC ,_

_ PRELOADS. {_
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S_ImdW S_aCe UnGom_

0.0 ;_BS-

0.2 LnS

_- 0 • 6 z.BS

II

;,I m2¢ /=_ CW R:_a_=n 4i_2 rpm 5,1 ms/=_v

0 • 6 1,BS

_L.0 LIIS

1,1 mJ,1 /O_V ¢;I kO_,er,_.on 411_LIII rpm 1,0 ms/dJLv

FIGURE 12.145 TIMEBASE )'OR HORIZONTAL PKOBE AT LOCATION 4 AT

4000 KPM, 10.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE TURBINE DISK, FOR

INCREASING STATIC PRELOADS.
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COMPANY | 8ENTLY ROTORo0YN_tIZC P_OT NQ.

PLANT | LAB

008 R[FER_NCE! NRSA

M_CHZNE TRAZNS SPACE SHUTTLE MOOEL

_lgh_nm: ROTOR KZT C_ I EVO

StlldW S_itl Un=omp

1.i mLl /d2v CW RoLa_i=n 4ell rpm S,e m|/d_v

U

0

0.4 28S

D
<
0

O. 6 LBS

1. i m_l /Q_V CM RQtl_on 4i_ rpm 5,$ ms/dLv
|

0. S LBS

L,I mLl /dLV CW Rotarian 4l_6 rpm 6,l me/aLv

.2 I._IS

FIGURE 12.146

&,l mll l_ltv CW Ro_.eL_Lon 4OJL? rpm i.I me/drY

TIMEBASE FOR VER'I'iCAL Plt.OBE AT LOCATION 5 AT 4000
It.PM, 10.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.
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L

l_i

t

t_

1

l

0.2 _nS

1. t mil /OJ, v CW Ro_.ar.J, on 4elO rpm S. t ms/=2v

bl

0
b,

0.4 L,BS

0

c_
;k

0 • E I,_S

O. 8 I, BS

&,O m£1 /dlv CW Rot.a_.lon 4O;S rpm S.O m.,,OLv

UNBALANCE LOCATED IN THE TURBINE DISK, FORINCREASING STATIC PRELOADS.
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COMPANY : BEHTLY ROTOR OTNRMZO

PLRNT t LAB

JO0 n_F_R_HC_! fi_

"MACHZNE TRRZN$ SPACE SHUTTLE MODEL

PLOT NQ,

_. JJ m,LJ, /;l_Lv GW RO_.lJ_J_|n 1011_ rpm IS. $ ms/O_v

o. 2 LUS

0

o

0
b_

cc O. 6 LBS"

• e m_ /_v CW nQ_etAon 4016 rpm 6.0 mu/dlV
l, ,

, , f

L.O m_2 /d2v CW Ro_.,.tion 4811 rpm 8.11 ms/oiLy

0. S LBS

1.0 LOS

1. $ mll /d_v C!J Ro_lt.lon 41),I,2 rpm 6.9 mu/cllv

i. 2 LBS

L.O mAl /d2v ¢:1.1 Rol_41r._on 40,1,? rpm II, O mu/GlJv

FIGURE 12.148 TIMEBASE FOR VERTICAL PROBE AT LOCATION 6 AT 400
RPM, 10.0 PSI SEAL OIL PRESSURE, 0.8 IN-GIIAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.

388

if

i

, (

) :

"i

,!
• t

?

t

!

I!
_e

• i
,.ii



U

C>

C=I <
_J

T

COMPANY : 8ENTLY ROTOR OYNAMZQ
PLANT , LAB
_08 REF_[NCE| NASA

PIACHIHE TRAZN! SPACE SHUTTLE MOOGL

Ma=_e! ROTOR KZT ChU 4 6HO

StmmdU StmCm

PLOT NO.

Uncomp

0.. 0 LB$

0.2 I,B$

1.(11 mJL1 /¢11v C_ RotdlP.J.On 4(11_.2 rpm 15.0 mll/dlv

8. e ms/Cliv

O. 4 I,B$

0.6 bBS

0.8 LBS

1.8 mJ.Jh /d2v C_ Rot.aP.£on 4512 rpm IS. II ms/cl_v
i

;,I mJ,l ,,clLv C_ Rotar._an 41117 rpm S.e mu/al_

FIGUI:_ 12.149 TI_EBASE FO_ _roI:UZONTAL I:)110BE AT LOCATION 6 AT
4000 RPM, 10.0 PSI SEAL OIL PRESSUB£, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE TURBINE DISK, FOR
INCREASING STATIC PRELOADS.
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NOT AVAILABLE - OIL IN THE CLEARANCE AREA

PROHIBITS THE METAL-TO-METAL CONTl%OT NECESSARY
FOR THE CONTACT SENSOR TO OPERATE CORRECTLY.

,°

T

FIGURE 12.150 TIMEBASE FOR SHAFT TO SEAL 1 CONTACT AT 4000 RPM,
10.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.

FIGURE 12.151

NOT AVAILABLE - OIL IN THE CLEARANCE AREA

PROHIBITS THE METAL-TO-METAL CONTACT NECESSARY

FOR THE CONTACT SENSOR TO OPERATE CORRECTLY.

TIMEBASE FOR SHAFT TO SEAL 2 CONTACT AT 4000 RPM,
10.0 PSI SEAL OIL PRESSURE, 0.8 IN--GRAM UNBALANCE
LOCATED 1N THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.

390

L

II

4



¢OMPRNY |.BENTLY ROTOR OYNRMXC

PLRNT ! LRI

JO0 I_FEREHC_| ti_$R

MRCHXNE TRAXN! SPRCE $HUZTLE MOOE_

Ma_Anl_ ROTOR KZT Ohm ? RUO BLOCK

Stma_W Stabe Un_Qmp

0.0 :T._S , e

PLOT No,

A.e m_ /d_V C_ Rotation 4e12 rpm S,I ms/dlv

O. 2 LOS i i

1.1 mAA /_Av CU Ro_a_AQn 481e rpm S.O ml/dAv

_;'
0

m_

0

rd

0.4 I, BS

O. 6 LBS

e i e_

A,e m4A /OAr CW Rotl_AQn 4018 rpm 6. Q mx/OAv

[

0. B LBS

L.e m4A /_Av OW Rota_4on 481A rpm 6. e mwl_Av

e,

A.8 mAA /_Av CW Rota_Aon 4816 rpm 6.1 ml/dA_

i. 0 LBS

CONTACT

1.2 LBS

NO CONTACT

/
A.l m41 /clAy CW Ro_aP.ion 4e17 rpm _.1 m_/clAv

FIGURE 12.152 TIM EBASE FOR SHAFT TO RUB BLOCK CONTACT AT 4000

RPM, 10.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE

LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.
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COMPANY : BENTLY ROTOR DYNAMZO

P_ANT : LAB

JOB REFERENCE: NASA

MACHINE TRAZN: SPACE SHUTTLE MOOEL

Machint: ROTOR KZT ChW I _UO

PLO'I" N,',.

Stmm_w Statm UNCOM_

Machine: ROTOR KZT Ch# a ,1.HO

Stmadw Statm UNCOMP

i. 2 BS____ _ _ _

o

o 0 -

04 0.4 LB

o. 2 LOS _. \

I ; ' I ' T I r '-I ' ' ' '--] ' '- I 7-'
8 1 = 3

FIGURE 12.153

/

- - /k /
/

_,,2_ _/.22:
•- _ / 4,_7

.., /k / ,,e_.a

A
I--' '?' _ I " ' [ 4813 rpm

4 S 6 ? 8 9 le
FREQUENCY (k=pm) Hamming _Jin(d=w

SPECTRAL CONTENT AT PROBR LOCATION 1 AT 4000 I_PM,
10.0 PSI SEAL OIL PR.ESSUKE, 0.8 IN-GBAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOB. INCREASING STATIC
PRELOADS.
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COMPANY : BENTLY ROTOR DYNAMIC

PLANT : LAB

0OB REFERENCE: NASA

MACHINE TRAIN: SPACE SHUTTLE MODEL

Machiml: ROTOR KIT Ch_ 3 _UO

PLOT No.

Stmad W Statm UNCOMP

_J
u

0
;.,.,

LB /__S_ .... -_1. 2

/
• 0 LBS -_ A

<
o 0.6 LB

m 0.4 LBS_

/

0.2 LUS__

0.0 LBS _' ' I '
0 I

, , =

a 3 4 5

FREQUENCY (k¢l::m)

" - _ / 4 e .I,s

/
i

• _. A / 4e13 _
4

/

-- _ / 4e17 i

A 7' 4612

/
- /_ • / _s

m

/
m

I ' ' I--' •"1 " ' I ' ' I 4e13 rpm -
S ? 8 9 18

Harming Wind=w

Machinm: ROTOR KIT Ch_ 4 aHD

Stma_ W State UNCOMP

\

n

E

II

u
(n

o.
s
_z

- _ " "- 4ele

O_U 1,0 LBS_-_ I_. ' - _ / 4e18

..... -. . /,.,,0

.... -.--tl ..... "-- /-,,
P ---_'_"'-- I .... A / 4e,6

0.2 Lus L " i " ,
- _ - - -- _ --/ 4011oo_os/ _'----)_" ' / ....

e _ 2 3 4 G 6 ? 8 9 le
FREQUENCY (kcpm) Manning Window

"M

_ k
(l
Q.

S

- 11

S

FIGURE 12.154 SPECTRAL CONTENT AT PROBE LOCATION 2 AT 4000 RPM,
i0.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PRELOADS.
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COH_ANY : BENTLY ROTOR DYNAMZC

PLANT : LAB

JOB REFERENCE: NASA

P1ACHZNE TRAZN; SPAC_ SHUTTLE MODEL

rla¢_ime: ROTOR _ZT ChW S QUO

_OT No.

Stma_ Statm UNCOMP

u 1.0 LB _ --

P,
8 LBS['-- ---- ....

0-.6 I_B

0.4 LBS
J'_

0 0 LsS _, -
_, _ 3 4 S 6 "7 8

FREQUENCY (k¢lom)

/

I i i

40Z0

4018

&

--/ _013

/

4917

4¢12

/
,/

/
i

Z0

4013 rpm

Hammim_ W_n_w

_acmime: ROTOR KIT Ch_ 6 3H0

5tna,_ State b_OOHl:

E

, °

CL
E

l<

)

, %

FIGURE 12.155
F_EQUENCY (kc:pm) Hamming Wimcdc:_

SPECTRAL CONTENT AT PKOB_ LOCATION 3 AT 4000 P,2M,
I0.0 PSl SEAL OIL PI_SSUI:LE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOB. INCI_ASING STATIC
PRELOADS.

394

I

D
__ %

, O.

iu
m

W



U

O

Q
<
0

I

i. 2 LBS

1.0 LBS

0.8 LBS

0.0 LOS

0

Machiml: ROTOR KIT

Ch_ 7 4U0

Ch_ E 4HD

? e

S_aa_w Sta_e UNCOMP

4011

Hlnr_img W inclow

L FIGURE 12.150 SPECTRAL CONTENT AT PROBE LOCATION 4 AT 4000 P,.PM,
10.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC

PRELOADS.
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I

"'achlne: ROTOR KZT Ch_ a SMO

5tIa¢ W Statl UNCOMP

D

5

j_

FIGURE 12.157
FREQUENCY (kc:l:;m) Hann&n_ Win¢lo_

SPECTRAL CONTENT AT PROBE LOCATION 5 AT 4000 RPM,

10.0 PSI SEAL OIL PRESSURE, 0.8 IN-GKAM UNBALANCE

LOCATED IN THE TURBINE DISK, FOR INCREASING STATIC
PKELOADS.
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PLOT N¢.

/\

_acmime: ROTOR KZT Cmu 4 6HO

Stl&_ W State UNCOM_

%

1.2 LBS _ _/ \ '

/ \'-_.._- --- ., 4ole
MU l.O LBS/_ i -_
_z; -, 4817

t
0 ' _, J -" •..... __ _ ._ / _. ,

O. 8 LBS_/k' "1 4o:_

< S: _ - - L_ ' ._
0 O. 6 LB ..... - "-" / 4a:.s - ®

/ '°h
m 0.4 LBS/

/- - /O. 2 LUS_ L "_

/ - _'-----_'_" ""- 40.1.0

.:. I I J I • q I t _-,, I ' ' I , , I _- , i_'-i'_ n I , r 4812 ,"pm _

8 _. a 3 4 5 6 ? 8 9 10

FREQUENCY (kcpm) Hdllf'Inim_ W,Lm"_OW

I FIG_,.,TI_ 1'.1'8 SPECTI_AL CO..I_TTEI_T AT 'B.OBE LOC4_LTION 6 AT 4(]00 ]:)t,_l_,

E ,)!



CCPl_ANY : BENTLY ROTOR OYNAMZC RLOT NQ.

=LANT : LAB

JO5 REFERENCE: NASA

PIACHINE TRAIN: SPACE SHUTTLE MODEL

HachCnl: ROTOR KZT Ohm 5 SEAL OONTACTOR _1

5_li_ _a_l UNCOMP

i, 2 LBS/
5]

o
0 B LBS /

o /-
/o 0.6 LBS

0.4 LBS /
/

0.2 LUS /

0" 0 L _ S _ [ ' _ ' ' _l l l l ' " , l ' l I _ ' l ' ' l l ' l ' ' ] ' '

e 1 2 3 4 s 6 "? 8 9

FIGURE 12.!59

r_acmznm: ROTOR KIT

1.2 LBS

u 1,0 LBS

O
0.8 LBS

O 0.6 LBS

0.4 LBS

/

/

/

i ; 4010

/
/

_0L?

4#1_

4_15

4011

I" 4015

t 4010

401_ _pm

10

FREQUENCY (k,'-pm) Manning Wine_c_w

SPECTRAL CONTENT FOB. SHAFT TO SEAL 1 CONTACT AT
4000 RPM, 10.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN TEE TURBINE DISK, FOR
INCP,.EASING STATIC PB.ELOADS.

Chs S SEA_ CONTACTOR ma

4810

4612 rpm

a 3 4 S 6 "t 8 9 10

FREQUENCY (k,"pm) Manning W&n,'_mw

SPECTRAL CONTENT FOB. SHAFT TO SEAL 2 CONTACT AT
4000 RPM, 10.0 PSI SEAL OIL PRESSURE, 0.8 IN--GRAM
UNBALANCE LOCATED IN THE TURBINE DISK, FOR
INCREASING STATIC PRELOADS.
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COMPANY : BENTLY'ROTOR OYNAMZC

=LANT : LAB

30S REFERENCE: NASA

?_ACHZNE.TRAZN: SPACE SHUTTLE MODEL

Plachima:- ROTOR KZT Ch_ 7 RUB

1.2 Lss

_..o LBS/___

O.4 LBS/

_LOT No.

FIGURE 12.161

' _t

t

!

I ' ' I ' "r I ' _ t ' ' I ' ' I ' ' 1 ' ' 1 ' '
2 3 n. 5 6 ? 8 9

/
,10

/
/

4810

401T

40£2

4_15

40L1

FREQUENCY (kc_m)

/ 401O

4@12 r'_m

5
Z

o 4
r-
u 3
r_

x _- 0

I _ -1.

.1 "_ -2

bl

;.,z

O -4

FIGURE 12.1_2

Hammimg wim_ow

SPECTRAL CONTENT FOR SHAFT TO RUB BLOCK CONTACT

AT 4000 RPM, I0.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM

UNBALANCE LOCATED IN THE TURBINE DISK, FOR
INCREASING STATIC PRELOADS.

_ADiAL
P_ELO^D
FO_C_

ROTOR MODE SHAPE AT 4000 RPM, 0 PSI SEAL OIL PRESSURE

DUE TO 0.8 IN-GRAM UNBALANCE LOCATED IN THE TRIRD

PUMP IMPELLER DISK.
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: BIENTLY_OTOR l_l_:IMIC

,;03R_clO_£NCE:.
MI:K:_INETRAIN: SPACE SI4JTTLE MO_EL

Rachine" FAOTOR KIT Ch# 1 IVD
M_chir_: ROTO_ KIT Cht 2 I_D

Ste_ State

e cleg.
278 cleg.

Unccam

° • ° • , • • • •

leA2 r_m
m

• ° ° ......

..... ° , . .

_ • o • • • °

FIGURE 12.163

• , ° ..... °

o

lel3 r_ii
i

II

• . ° • • ° , , •

• ° ° • • • • • • •

_ , ° , • ° • ° • °

_I12 r.pm
O I P_tati_

m

f'4

,,ele _,
• , • . .....

• , , ° .....

• ° o * ° . . . o

1010 rp_

...... ° . •

• _ ° _ ° ....

,

ORBITS AT PROBE LOCATION I AT 4000 RPM, 0 PSI SEAL OIL
PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLER DISK, FOR INCREASING STATIC
PRELOAD FORCES.

Machine: ROI"CR KIT

Mlchin@: ROTOR KIT
0"_ 3 2_ 8dee.
Ch@ 4 2H_ 2-m dee.

St nd,d Sttte I._: 0_

o. _.
o o o

|_-_ t"lt i
C, Kottt tc_

• ° ° ° ° • • ° °

• " _e _m

FIGUR.E 12.164 ORBITS AT PROBE LOCATION 2 AT 4000 RPM, 0 PSI SEAL OIL
PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLER DISK, FOR INCREASING STATIC
PRELOAD FORCES.
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c_flPee/y : ]w_rl.Y ROTOR DYHeMI¢
PteTr :.LRB
JOi R_'ERS]_: NASe
I_CHIHIE TRAIN: SliCE SHUTTLE MODEL

ffachine: ROTORKIT Cht 5 3VD
Mtchine: ROTORKIT _ 6 3HD

• ° • • ° . . . °

° , • • ° • . ° •

0 "'''''''"

_12 _t

. • • , , , • . ,

QD
• ° ° o • ° o ° °

• ° ° • , • ° ° •

o

U

• • , • , .. . ° °

• • , ° .....

• • ° • • , ° ° °

• ° • ° o • • ° •

..... ° ° ° °

• * * ......

• * o • o ....

• , ° • ° • • , •

• • • • ° , ° • °

,_1 .........

FIGURE 12.165

Stetd_ Stzte

Sdeg.
27_ deg.

Ur_omp

. ° , ° .....

m

o I 1.0 mil/div

_;_18rgm
lib

(_ ° ° ° ° • • • . •

_ rgm

o

• ° ° ......

i. 0 mil/div

_18 r?m

• 0 ° ......

• . • ° .....

° ° ° • • , ° • •

• , • ......

ORBITS AT PROBE LOCATION 3 AT 4000 RPM, 0 PSI SEAL OIL
PRESSURE, 0.8 IN--GRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLER DISK, FOR INCREASING STATIC
PRELOAD FORCES.

l'h_:hlr_:ROTOR KIT
M_chlne: ROTOR KIT

(:he ? 4VD 8 deg.
C_e 8 4HD 2_ _eg.

stetd_ stzte unc_

......... ":.........i!i iii! .........
0 ......... _111 .........

c; ......... " ......... _.
0 , ..... ' " " " 0

le12 eIpm= , ., 4813 rpm=

" 9

• 0 • • ° ° .......... ° .

,; i.o

liiiiiiiill
FIGURE 12.166 ORBITS AT PROBE LOCATION 4 AT 4000 RPM, 0 PSI SEAL OIL

PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLER DISK, FOR INCREASING STATIC
PRELOAD FORCES.
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com_ : iKn.Y ROTOR _Z¢

J03 _rERE}CE: _SA
_¢HZN[ T_qIN: S#AC[ Si4JTTL[ l_OEL

r1_chine: ROTOR KIT {:he I SUI)
Machine: ROTOR KIT {;he 2 _D

Ste_d_ State

eaeq.

tx¢o_

i! ii Ii i
* ° * ...... , . .

°

FIGURE 12.167 ORBITS A': PROBE LOCATION 5 AT 4000 RPM, 0 PSI SEAL OIL
PRESSURE, 0.8 IN--GRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLER DISK, FOR INCREASING STATIC
PRELOAD FORCES.

'ii

Machine: ROI"_KIT
I%¢hir_: _ KIT

c_e3_ Ode9.

St ez¢l_ State Uriccqm

o o I/div'

_ "'' _''" _ ' ' 222222222

: ii ii i iiiiiiiii
o ,.-,[ z. 0 mil/d!v ,_ [z. 0 miZ/div" 1 .........

FIGURE 12.168 ORBITS AT PROBE LOCATION 6 AT 4000 RPM, 0 PSI SEAL OIL
PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLER DISK, FOR INCREASING STATIC
PRELOAD FORCES.
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L- _ ,-

!_ [_.

k

O. 2 LBS

t.6 mil /(_iv CIJ Ro_a_ton 4613 r'pm 5.8 m=/Otv

O. 4 LBS

1.6 mil /div CN Rotttion 4616 rpm 5.6 mS/c_tv

0

cl

0

0.6 LBS_!_

_.8 mil tdlw CW Rotation 4616 rpm

0.8 LB_

1.o,_sl i i i

1.8 mil ,'div CW Ro_ttion 4612 _'1_ 5.6 _s/_iv

l.@ mtl /_iv CN Rotation 4669 P_m 5 6 _s/div

FIGURE 12.169 TIMEBASE FOR VERTICAL PROBE AT LOCATION 1 AT 4000

RPM, 0 PSI SEAL OIL PI_SSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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C_ : BEHTLY ROTOR DYH_MIC
M.AHT : L_B
JOB REFI[REHC(: HASA
MACHIH_ TRAIN: SPAC[ SHUTTLE _IODEL

Machine: ROTOR KIT . Ch# 2 IHO

Stez_ gt_te Uncomp

1.0 mi| /_iv CW Rotz_ion 4e12 rpm 5.g _$/_iv
.I

1.0 mil /dlv CW Rot:ation 4013 rpm 5._ ms/c_iv

1._ mil /div CW Rotation 4818 rpm 5._ ms/div

1.8 mil /dlv CW Rotation 4E)10 rpm 5.8 ms/div

0.8 L_S

1.8 mil idiv CW'Rot:t_ion 4gg9 rpm 5._ _$,'(=iv

i. 0 LB$

1.8 mil /(=iv CM Rotltion 4812 #pm

1.2 LBS

I._ mil /(=iv CN Rotz_ion 4Q89 rpm

FIGURE 12.170 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 1 AT
4000 RPM, 0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER
DISK, FOP, INCREASING STATIC PRELOADS.
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_' : BEHTLY ROTOR DYHt_MIC
PtANT : LAB

JOB REFEREHCE: HnSn
MRCHIHE TRAIH: SPACE SHUTTLE MODEL

Mtchine: R01;_ KIT Ch# 3 2VD

Stead9 St;re Un¢omp

CW Rotttion 4912 r_m _.8 ms/div

O. 0 LBS

O. 2 LBS

481_ r'pm 5.8 mS/div

0.4 LBS

1.8 mil /div CW Rotttion 49i0 rpm 5.8 ms/cliv

o<
1.8 Ill /div CW Rotttion 4e18 r_m 5.8 ms/div

0.8 LBS

1.8 mi| /div CW Rotation 4_89 rpm 5.6 ms/air

LJ

1.0 LBS

I. 2 LBS

L.8 mil /air C_i Rottttc_ 4612 rpm 5.8 m$/div

1.8 mi| /c_iv CW Rotz¢ion 4_89 ;,pm 5._ ms/div

I FIGURE 12.171 TIMEBASE FOR VERTICAL PROBE AT LOCATION 2 AT 4000
• RPM, 0 PSI SEAL OIL PRESSURE, 0.8IN--'GRAM UNBALANCE

LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR

INCREASING STATIC PRELOADS.405 i
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COleq_Y ' BEHTLY ROTOR OYHI:_ZC
PtRNT : LAB

JOB REFEREHCE: J,_SA
MRCHIHE TRRIH: SPRC[ SHUTTLE MODEL

Mtchtne: ROTOR KZT Chit 4 2HD

$I:: ead,j St 1LI:e Uric ome

_" . .

[ 8 m:Ll /dlv CW Rot;tion 4e12 rrm 5.8 ms,'c:liv

0.0 LBS

0.2 LBS

0.4 LBS

1.8 mil /div CW Rotttion 4e1_ rpm

0.6 LBS

b,l

1.8 mil /dlv C¼ Ro_ation 481e rpm 5.8 ms/div

1.0 LB$

1.2 LBS

1.8 mil /div CW Rott_ion 4989 rpm 5.8 ms/_iv

1.8 mil /div C;4 Rotttion 4812 r"pm 5.8 Ms,'cliv

FIGUHE 12.172

_ .,:II_. J

• o

i
6

!

.l

_a

Ib

.,,,

,d

1

1,!
mll f

tp

i
TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 2 AT ]

4000 RPM, 0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM ,&
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER
DISK, FOR INCREASING STATIC PRELOADS.
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L

0.8 LBS

1.0 LBS

1.2 LBS

l,e mtl /dtv CM Rotation 4989 rPm S,8 ms/div

t,8 mil t¢ltv CM Rottti¢_ 4@12 PpM 5.8 _s/dtv

1,8 mil ,"cliv CM Rotztion 4_89 rpm 5,8 ms/div

L

LI
_.,_.__- __ ......

FIGUKE 12.173 TIMEBASE FOR VERTICAL PROBE AT LOCATION 3 AT 4000

RPM, 0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE

LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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: |EHTLY ROTOR 0Y1_f1[C
PLANT : LnB

JOB REFERENCE: NRS_
MN:HZNE TRAZN: SP_E SHUTTLE HO_EL

Machine: ROTOR K|T _# 6 3HD

Ste_dV State Uncomp

"F ..

0.0 LBS,

L.8 mil /div Old Rotation -" 4e12 rpm 5.0 _s/div

_4

O
r_

0.2 LBS

0.4 LSS

0.6 LBS

_ " °. .

1.8 mil ,'div CN Rotation 4913 rpm 5.8 ms/dtv

1.8 mil /div C_ Rotation 4@I_ rpm

O. 8 1,aS _i i i i i--_--

1.0 LBS

1.8 mil ,'div C_ 8otttion 4_Q9 rp_ 5.8 ms/div
,n

! : ! ! •
|.0 mi| /div C_4 Rotation 4@12 rpm 5. tJ m$/dtv

1.2 LBS

_';8 mil /div CM Rotation 4_I_9 rpm 5.8 _s/dlv

FIGURE 12.174 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 3 AT

4000 RPM, 0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER
DISK, FOR INCREASING STATIC PRELOADS.

408

4

t

e

I

I,



{

m

cole_NY : _NTLY ROTOROY_IC
PLANT : LAB

JOB R_H_E: h_SA
f,1_ICHl_ TRRIH: SPRCE SHUTTLE M(]DEI.

M_chine: ROTOR KIT Ch# ? 4VO

Stead_ State Uncomp

-__

O. 0 t-BS " "

O. 2 LBS

0.4 LBS

i O. 6 LBS

1.6 ai| /_tv CW Rotation 4012 rpm 5.e ms/div

1.8 mil /div CW Rotation 4_13 rpm 5.e m,_/dlv

•8 mil /(_iv CW Rotarian 4e18 Ppm 5.8 ms/div

1.8 all /_'iv CW ROt_tlon 4¢Ie rpm 5.8 ms/div

FIGUI_ 12.175 TIMEBASE FOB. VEB.TICAL PB.OBE AT LOCATION 4 AT 4000
ttPM, 0 PSI SEAL OIL PB.ESSUB.E, 0.8 IN-GKAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLEB. DISK, FOB.
INCP_ASING STATIC PB.ELOADS.
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: BENTLY ROTOR DYNAMIC
M.N4T : LA9
JOB REFERENCE: HASA
MACHINE TRAIH: SPACE SF_JTTLE MODEL

Mtchtrm: ROTOR KZT Ch# 8 414D

_.0 LBS

0.2 LBS

O. 4 LBS

Stetdv State U_ o_

1.8 sil /aiv ' CH Rotttion 4e12 rpm 5._ ms/dlv

1.8 mtl /div C_ Rotation 4813 rpa 5"8 ms/div

FIGURE 12.176 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 4 AT
4000 RPM, 0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER
DISK, FOR INCREASING STATIC PRELOADS.
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JOB REFERENCE: t_SA
:- -j M_CHIHE TF_N: SPACE SHUTTLE MODEL

' ) Machine: ROTOR KIT Cht I 5VD

.... Stead_ St_te- Uncome .,

0.0 LBS

1.0 mil /div CW Rotation

1.0 mi| .,div CW Rotation

0.4 LB$

o 0.6 LBS

0.8 LBS

I. 0 LB8

1.2 LBS

48i2 rpl 5.8 ms/div

4_12 rpm 5.8 m_div

1.8 mil /div CW RQttti_ 4018 rPl 5,6 m$/dtv
i

1.8 mil /dry CW Rot_tlon 4e_9 rgm 5.8 ms/dlv

I _: :
1,8 mll /_tv CW I_tati¢._ 4@12 t_m 5.8 ms/div

i

FIGURE 12.177 TIMEBASE FOR VERTICAL PROBE AT LOCATION 5 AT 4000
RPM, 0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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COMPRttY : _EHTLY ROTOR I)YHF_M|C
PLAHT : LAB

JOB REFEF_ENCE: HASA
M_(_ilHE TRRIH: SPRCE SI-_JTTLE MQ_EL

Ma,chtne: ROTOR KIT Chit 2 5HD

0.0 LBS

O.2 LBS

0.4 LBS

u

0 0.6 LBS

O. 8 LBS

1.0 LBS

1.2 LBS

F
I 4

)

St e_cl,e St _t,b Unc ome

1.8 sil /div CN Rot;tion 4et2_rpm 5,8 ms,'cliv

.8 n_il /dlv CW ROtttlon 4e12 rpm

,.9"mil /_iv CW RQt_tion 4ele rpm 5.8 ms,;=iv

L.8 mil /div _ CW Rotttion 4_le rgm 5.e ms�city

0 . • ° .

l.e mil /div CW Rotation 4869 r_m 5 9 ms/div

1.8 mil ,'div

|_E Iti! ,'CIty CW ]_Ot_ion q008 rl)m

'_W Rotation 4e12 rps 5.e .s/=iv

_. e _s_iv

TIMEBASE FOB. HORIZONTAL PROBE AT LOCATION 5 AT
4000 RPM, 0 PSI SEAL OIL PRESSURE, 0.8 IN---GI_tM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER
DISK, FOR INCREASING STATIC PRELOADS.
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COMP_HtY : BEHTLY ROTOR DYI,k:#lZC
PL.C_tT : LAB
J03 REFERENCE: H_SA
M_CHXHE TRRIN: SPCtCE SHUTTLE MODEL

Mtchl_: ROTOR KIT Ch1.3 6VD

Stead_ State Uric OmP

O. 0 LBS

|.8 mil /giv CW Rotation 49L2 Ppm 5.8 r.s/div

0.2 LBS

|.8 mll /div CW Rotttic, n 48i2 rpm 5.8 ml/dlv

I
l

0.4 LBS

1.8 mil /div CW Rot_tiQn 481e rpm 5.8 ms/div

U

O
a.

O. 6 LBS

1.8 mll /div CW Rotttion 4818 rpm

1.8 mil /div CW Rottticm 48ey npm 5.e as/div

1.8 mll /dl¥ GW Rot_tlon 4812 rpm 5.g ms/div

!

L FIGURE 12.179 TIMEBASE FOR VERTICAL PROBE AT LOCATION 6 AT 4000
I_M, 0 PSI SEAL OIL PRESSURE, 0.8 IN--GRAM UNBALANCE t

LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR iINCREASING STATIC PRELOADS.

, _ 413, _ .



[a___,,_.__.. COMPRI,IY : 3EHTLY ROTOR DY_:IM|C
PLAt4T : LAB

[_ M_¢hine: ROTOR KIT ¢h* 4 6HO

Un¢omp

0 0 LB8 - •

1.8 mil /dtv C¼ Rotation ¢_12 rpm 5.B es/div

i___ 1.8 mil /_iv CW Rotation 481e rpm 5.8 ms/_iv

--_ 0 0 • 6 LB8

-_--
-_ _ I.@ mll /div CW Ro_ation 4818 rpe 5.8 m,tldiv

g;

;:_- 0.8 LBS

1.8 mil ,'_Iv C14Rot:Ltion 4@89 rpM_ 5.9 ms/_iv

1.e uil ,'Qtv CW Rotation 4_12 rpm 5.8 ms.dAy

1.@ ml! /_iv CW Rotation 4_8 rp_ 5.8 ms/div

t •

I

FIGURE 12.180 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 6 AT

4000 RPM, 0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER

DISK, FOR INCREASING STATIC PRELOADS.
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NO

" |ENTLY ROTOR DYHAMI¢
PLANT : LAB

JOB REFERENCE: NASA

M_:W_IHE TP_IM; SP_C[ SHUTTLE MODEL

Machine I ROTOR KIT (:hi 5 _ Ill COHTRCTOR

S_et_ S_a_e Unco¢_

O. 0 LBS

L;_,_I /_tv CW Ro_tion 4_t2 rpm _.6 ms/dry

0.2 I, BS

O. 4 LBS

2.8 m_I /dtv CW Ro_ion' ' 4612'rpm _.S ms/atv
_m

.

2.8 mtl /div CW Rot;tion 4_1_ rpra _.8 ms/div
i

2.8 mil .'dlv CN Ro_ttion 4818 rpm _.8 ms/dlv

O. 8 LBS

1.0 LBS

CONTACT

1.2 LDS

CONTACT

2.8-mil 4dry ' ¢W Rotttton 4_e9 r'_m _.8 ms,'div

2.8 mil sdtv _ Rotztt_ 4_12 rpm 5.e ms/div

2.0 mt| /div CN Rotatio_ 4008 r.pm

' ' I

TIME

FIGURE 12.181 TI_o[EBASE FO_ SHAFT TO SEAL 1 CONTACT AT 4000 RPM, 0
PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THI.RD PUMP IMPELLER DISK, FO11
INCREASING STATIC PIIELOADS.
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COMPN_Y : BENTLY RQT0_ DYNAMIC
Pt.NIT : L._B
JOB REI-_ENCE: N_SA
MACHINE TRRIN l _E Si4JTTLE MODEL

H_chJne: ROTOR KIT Chlt & SEI:&. #2 COIITRCTOR

J
O. 0 ;,aS l*

!

0.2 LB$

II

S_e_dV State Uncomt_

CN Rotation 4_12 rp_ 5.9 Ist_iv

Z.8 atl /dtv CN Rotttiort 4@12 rpm 5.8 ms/div

O. 4 LBS

,..1

O. 8 LaS

_,8 mi! /dtv C_ Rotation 4@t9 rpm 5.9 ms/air

'2.8 mil /div _4 Rotsti_ 4ele _m 5.e ms/div

2.8 mil /div G4 Rotttion 4ee9 rpm 5,8 ms/_iv

NO

CONTACT

I.2 I,a8

CONTACT

2.0 mil sdiv GN I_tsti_ 4et2 rpm 5.8 ms_Qiv

2,0 mil /div CM Rott_i_n 4Ge8 rpm

I

_.e ,s_:t _,
TIME

FIGUR.E 12.182 TIMEBASE FOR. SHAFT TO SEAL 2 CONTACT AT 4000 IIPM, 0
PSI SEAL OIL PIIESSUR.E, 0.8 IN-GR.AM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER. DISK, FOR.
INCREASING STATIC PRELOADS.
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0.0 LBS

0.2 LBS

O. 4 LBS

1,0 LaS

CONTACT

1.2 LB8

I /
2.8 mll /_iv C14 Rotation 4e12 rp_ 5.8 _s/Cliv ....
• i

CONTACT

k

FIGURE 12.183 TIMEBASE FOR SHAFT TO RUB BLOCK CONTACT AT 4000
RPM, 0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE

LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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C_ :.RENTI.Y ROTOR ]_YHeMXC
PI.AHT :.LRB
JOB REFERENCE:
M_CHXHE T_AIN: _ St_ MODEL

M_¢hine: ROTOR KIT Ch# I IVI)
Stea_ State

. :)

e,

-- I

FIGURE 12.184 SPECTRAL CONTENT AT PROBE LOCATION 1 AT 4000 P_M, 0
PSI SEAL OIL PRESSURE, 08 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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COMP_Y : BENTLY ROTOR _IC
PLANT : LAB
JOB REFERENCe: NqSR
M_I_ TRRIN: SP_ &_UTTLE _L

Mtchine: ROTOR KIT _'h#3 2%'])
Stet_ State UNC0MP

t,

1"

1..

M_¢hine: ROTORKIT the 4 2H_
Stnd_ Sttte Ut_0MP

FIGURE 12.185 SPECTRAL CONTENT AT PROBE LOCATION 2 AT 4000 RPM, 0
PSI SEAL OIL PRESSURE, 0.8 IN--GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PKELOADS.
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COK_NY : DID4TLY F¢OTOR_YHAMIC
Pt.AHT : LA3
JOB P,EFEREHCE:
M$_W'HIHIETRAIN: SPf_CE SHUTTLE MO_EL

Mtchine: ROTOR KIT. Cht _
Stetd_l Sttte UHCI_P

m

1.2L s/ -----/_-

o._-[ '_:- ' A " • ' x " /
.... 4e13

""_'" ....... " /; 4Q12 r_m
o.oL. _ ,_,,,,_,,_,, _. -.,....... _,.... _....j,

FF_"_E},k'Y <kcpl) K_-ming ;itndc_

I%chine: I_OTC_¢_KIT ChQ 6 _H_
Stnd_l Sttte LIt4C0_

,

1.2 LBS_ 4ee9 ,_

(kcpmm)

l

{

r

• .

i

• o

FIGURE 12.186 SPECTRAL CONTENT AT PROBE LOCATION 3 AT 4000 RPM, 0
PSI SEAL OIL PRESSURE, 0.8 IN--GR_M UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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: )6:HTI.7 l_TOl_ ])YI_:C
PL_T : L_

_IZI_ TI_ZH: SPP_ St_JTT_ HG]EL

_chir_: ROTOR KZT _O ? 4Vl)
Steady S_te

>
::V

C3"_O8 4H_D
Steldv S_te LA4CC_P

l_¢hAr_: ROTOR KZT

FIGURE 12.187 SPECTRAL CONTENT AT PROBE LOCATION 4 AT 4000 RPM, 0
PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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PL_T : L_

Machir_: P,OT_ KIT Ch# I _V_
$teLc_ State Ut,CO,',P

xu 1.0 LBS 4e12

O_ 0.8 LBS 4ee9 "

! -0 • 6 LBS , 4ele

I

II

FIGURE 12.188 SPECTRAL CONTENT AT PROBE LOCATION 5 AT 4000 P_PM, 0
PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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1

! t

i.

PJ_q_NY : _TLY ROTOR PYI_q_IC
PL_T : LAB
OOB REFEREH_:
Pk_CHINET,_qlN: SPACE SHUTTLE ROWEL

M_¢hine| ROTORKIT C_Q 3 6VD
Stead_ $ttte UNCOMP

1.2 LB 4eee

_&_ o . o

1O.

• I _ 3 4 5 6 7 8 9 18
FR_I.I_NCY (kcpm) h_'_nin,; Wind,_

St ead_ State

.=

N

(/1

SPECTRAL CONTENT AT PROBE LOCATION 6 AT 4000 RPM, 0
PSI SEAL OIL PRESSURE, 0.8 IN--GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.

FIGURE 12.189
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: lliiTI.Y ItOTOIt.liYI,gIIIC
l___liT : I._ll
JOB It_Fllltiiil_-"
ltlCitItt TI_IN: _ Si4UTTI_ MOlli.

Ml¢ht_-" ROTOIt KIT Chtl 5 _ #1" C_INTII_TOII
Steadt Sttto

!i

I "" 1"
_* 0.4 LB$ ..... -qlQ

o._,.,,_ .... - ......... / _,= 4_._
0.0 ;,IS .... ti2 _m _i

ins _ r,dIA

FIGURE 12.190 SPECTRAL CONTENT FOR SHAFT TO SEAL i CONTACT AT

4000 P_PM, 0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE T'_CATED IN THE THIRD PUMP IMPELLER

DISK, FOR INCI_ASING STATIC PRELOADS.

i

.!

., •

!
i

J

Iliihtrii ltOltll KIT _ I _ g Clll'l'il'T_ll _.

Stnll Stliti _

1.2 L_S 4_ 1

II " .> |

-0 o.._-/...:-._-7-__ / _ _-
o.,,, ...--.:::..: :--7 "'" ti i0.4 LBB . . . 4gie

FIGURE 12.191 SPECTRAL CONTENT FOR SHAFT TO SEAL 2 CONTACT AT

4000 RPM, 0 PSI SEAL OIL PRESSURE, 0.8 IN--GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER
DISK, FOB. INCREASING STATIC PRELOADS.
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C_PR_ : IEml.Y ROTOR_IC
PL_T : L_

m_44:NE TRAIN: SPREESHUTTLE_L
_ttchine: ROTOR KIT (_ll ? U _t.OCK

Stetd_l StiLte I.IIICOtIP

=

Q

. |

Q

J

FIGURE 12.192

FIGURE 12.193

Z

o
U

,J

W
a

X

I

.4

CU
>

.J

Q

1,q

I

<

N

o

SPECTRAL CONTENT FOR SHAFT TO RUB BLOCK CONTACT
AT 4000 RPM, 0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER
DISK, FOR INCREASING STATIC PRELOADS.

R^I)_ AL,

PRKLO^D
FORCE

FI P2 _'3 _. F'_

S

4

3

2

_ 0

-2

-3

-4

2

_ 0

•= =_
-2

=3

-4

ROTOR MODE SHAPE AT 4000 RPM, 2.5 PSI SEAL OIL
PRESSURE DUE TO 0.8 IN-GRAM UNBALANCE LOCATED IN
THE THIRD PUMP IMPELLER DISK.
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iL

_'<, ,

(_Ol,_trt ; JE_4TLY ROTOR IPn,W'IIC

JOB NDrl_q}_E:
HN24INE TRAIN; _ S_JTTLE MO_EI.

M'_chirm: ROTOR KIT C_O 1 1VD
_¢hine: ROTOR KIT -Che 2 114_

edeg.
27e de_..

Stetdv Sttte . t._W

o

Q

m

¢_1 i • qe

1.0 mil/div .0 m_l/dlv
• • , * • * • * •

ul _ .i

ol

,,..,..,,

,,..,,..,

.,**..,,,

,,..•*.,,

**•,***%,

••*****°,

,,,,,*,**

********,

1 F I l,

FIGURE 12.194 ORBITS AT PROBE LOCATION 1 AT 4000 RPM, 2.5 PSI SEAL

OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE

THIRD PUMP IMPELLER DISK, FOR INCREASING STATIC
PRELOAD FORCES•

_&. ROTOR KIT Ct_ 3 2V_ 8 deg.Machine:
_--- i_¢htne; ROTOR KIT G'_ 4 2k@ 2_ des,

_: Sto_ State t._ i

UP , _ _,p . , VP

:::::::::/ ,_ :_",_'::::,l_ ,_1:.'_',_:;:..:...-_ ,_ ::::::::: ""
. 1.0" milldlv; t 1.0 milldivJ 1.0 milldiv• • • * * * • , J

.::::::::I. .":::: _-i.....:1 ::::::.:: _I

..............4 .......... . . _ ...... ,4 ..............

- .... v.'./ • ' ........ "11......... / .........

° ......... ] ......... I,,, ...... 1 ........ ],

FIGURE 12.195 ORBITS AT PROBE LOCATION 2 AT 4000 RPM, 2.5 PSI SEAL 1

OIL PRESSURe, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLER DISK, FOR INCREASING STATIC

PRELOAD. I
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k I .

!

PI.NCT : L_3
J0| R[FENDICE:
I_(_IIItlS TI_ZN: SPN_ SHUTTI_ FI0OEI.

_ttchine: ROT0_t KIT (:hi 5 3UD
f%chine| ROTOR KIT (:h# 6 3HD

• . . , ° , • • .

• ° * • ° , * , •

=.
• . ° ° • • ° * *

4_3 _m
m

,..,,,.°.

=.
• * • • * • • . °

0

1.1

o.
_4

. t-.--UP

1.0 mil/dlv_
'm _ , •

,,**.4°,.

°,,***.,,

.°*******

1.0 mil/div

Stetdv $ttte

8 d_,

2_deg.
U_cc_

_e_ _ ....
• * • , • , • . •

° • ° ° * . • ° °

I_ • ° • ° * • * • .

_ 1.0 mil./div

le12 rl)m

o

*°.°°,,.,

**°°°...°

.0 m_I/dlv

,, .......

°..°. ....

,..°,.,,,
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.**.°,* °

******.,°

.°0....°°

FIGURE 12.196 ORBITS AT PROBE LOCATION 3 AT 4000 RPM, 2.5 PSI SEAL
OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLER DISK, FOR INCREASING STATIC
PRELOAD FORCES•

_ ---.'

Machine-" ROTOR KIT

I_¢htne: ROTOR KIT

=
0

gD

.0.*_,0.,

iiiii iii 1

***•*****

•**.•****

the ? 4VO e des.
8 41_ 278 clelh

Stetd_ Skate Uric _m_

O

•**.***•.

*•******•

.0 mLl/div
• • , , , , • * • •

i.0 m:Ll/div

..*,.,,,,,

t****.°,°

J*•*****.,

!

FIGURE 12.197 ORBITS AT PROBE LOCATION 4 AT 4000 RPM, 2.5 PSI SEAL
OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLER DISK, FOR INCREASING STATIC
PRELOAD FORCES•
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: MHT1.Y ROTOR _:d'tIC
i-_ Pt.qh'T : L_B

0O3 _:
i PI:_tII, E TI_IH: SP_ SHUTT_ HOZ)E].

_" PhM:hine: ROTOR KIT Ch# I 5VD 8 _=

i Machir_: ROTOR KIT Oh# 2 51_ 278 ¢_.

SCe_ State Ur<¢_

i ° i'i_'=ii}d/"?l° r.'o_il/ai_I o 1.0._i/ai,,I

• ° • • ° • • ° ° eal

• * ° ° • ° ° ° ,

i

l
• ° ° . • ....

• ° • • .....

• • ° ° • • ° • °

• ° ° , • • • ° •

• • • ° ° • . ° .

• ° ° ° • ° • • °

• • . • ° ....

FIGURE 12.198 ORBITS AT PROBE LOCATION 5 AT 4000 RPM, 2.5 PSI SEAL
OIL PRESSURE, 0.8 IN--GRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLER 'DISK, FOR INCREASING STATIC
PRELOAD FORCES.

, i

I

J

Rachine: ROTOR KIT
_¢hiPe: ROTOR KIT

the 3 6V_ 8 de_.
C_I 4 _ 27e de_.

St ead_ State Ur.: ¢_e

i_'O_: l/div /

FIGURE 12.199 ORBITS AT PROBE LOCATION 6 AT 4000 RPM, 2.5 PSI SEAL
OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLER DISK, FOB. INCREASING STATIC
PRELOAD FORCES.
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COHP_NY : BEHTLY KQTOR Z)YHI:_XC

J0| PEFE_EHCE: H_S_
ekCCHIHE TI_XH: SP_E SHUTTLE MOOEL

f'l_Chir_: ROTOR KIT Ch| | IVD

O. 0 LBS

S_e_d_ St_@ Unco_

0.4 LBS

L.8 mtl /dtv ' CN Rotttton 4e8_ rpm _.8 ms/div

)
n.

O. 8 LaS

1.0 LBS

L,_ mi! /div CM Rotation 4G8_ rpm 5.8 ms/dtv

L.8 mil /dtv Ckl Rotttiofl 4ee_ r'pm 3.8 ms/dlv

1.8 mi| /div CM ROtttion 4_6 epl _.8 ms/div

1.2 LaB ---- 'O _ ---'--'_" ql,---,-,, --- " __ __ :O.imnfum

|,8 mi| /div ' CN Rotltion 4U12 rpm S.g ms/dtv

FIGURE, 12.200 TIMEBASE FOR VERTICAL PROBE AT LOCATION 1 AT 4000
RPM, 2.5 PSI SEAL OIL PR.ESSURE, 0.8 IN--GRAM UNBALANCE
LOCATED iN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PP_ELOADS.
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: BF.NTLY ROTOR I)YH,_IIC
: LRI

JOB _FE/NSl_E: h_S_
_lh_ ll_IN: SPf¢[. SI._/TTL[ MOO[L

• I'_¢hine," ROTOR KIT Ch¢) 2 IHD

0.0 LB$

0.2 LB6

0.4 L2S

Stea@v St;Lte Un¢O_

t,8 _tl Idly C$4 Rot_tiori 40e_ r_m _.8 mssdtv

t.O Rtl /Oiv CM ROkikttOn 4003 F'I)R _.0 mS/OIv

• . . . . . • .

1.8 ItZl ,'tIV CM ROl:_tiO¢_ 4_@_ r_pn_ S 8 ms/div

0.6 LBS

1.8 stl _dtV CM Rotation 4e_ rims _.8

, i I
..8 m,ll /dtv C;4 Rotation "4ee_ r.ps 5.8 N,,(_tv

1.0 LBS

1.2 LB8

o

:

(

L

FIGURE 12.201 TIMEBASE

4000 RPM,
UNBALANCE LOCATED IN THE THIRD PUMP

DISK, FOR INCREASING STATIC PRELOADS.

FOR HORIZONTAL PROBE AT LOCATION 1 AT

2.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
IMPELLER
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7:

COI'PRHY : BEHTL¥ ROTOR 0YHRMIC
: LAB

JOB F_q_::[: NASa
NRCHIHE TRRIH: SP_[ S_CJTTLE I_'L

Nachtne: ROTOR KZT Chgt 3 2VD

Stetdv $ttte Ur_:oem

t,8 _t| _dtv ' C_l Rotation 40e3 r_m

4ee3 rpx

O, 0 L_8

0 • 2 _,8S

S._ 6s/city

O. 4 LB8

o
_J

O. 6 LBS

O, 8 La6

1.0 LaS

1.2 LB8

1.8 Mtl'/dLv CN RotatLon 48es rpm 5,8 ;s_'div

A

|,8 aLL ,'dtv CN'Roq:at'ion 4ee3 r_a 5.8-m$4dlv
i

q

i,8 m-it /cllv- CM Rokation 488= v'pm 5,8 '_s/dlv
• • n • w

_..8 mil /cliv CN Rottttm 4_i_6 rp= _.8 "_;/dtv
| n=

L m

1,8 m_l /dtv C14 Rotation ' 4@12 rpm =,8 '_s/d|v

FIGURE 12.202 T1MEBASE FOR VERTICAL PROBE AT LOCATION 2 AT 4000
RPM, 2.5 PSI SEAL OIL PRESSURE, 0.8 IN--GRAM UNBALANCE

LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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COtf_ : 3EHTt.Y ROTOR _t_ItXC
: LRB

J03 RI_rE_EHCE: H_SA
I_RCH|HE TRR[H: SPRCE SHUTTLE. MODEL

I%¢htne: ROTOR KIT Ch# 4 2HO

St e_d_ State Un¢O_ID

O. 0 LBS

0.2 _58

"! 8 at| /dry ¢_1 Ro_ation 4ee3 _•p• _ . e • s / _ Lv 1

l.e Sf! ,'dlv CW Ro_ttt_n 4ee3 rpm
m

CM"Rotzt ton 4e85 r'pm

0 • 4 LBS

_. 8 'ms/dry

_.8 _s/div

° • °

l.e _t: ,,,dry C1.1_RQtz m .e _s,, iv ,

0.8 _aS

l.e ,il /dry c, _tzttm "4ee_ r,m _.e ms/dry

1.0 _aS

1.2 LaS

• i

° • , o

"1.@ Jill /div CM'Rotttion 41_[2 rem =.O--_s/Cllv

FIGURE 12.203 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 2 AT

4000 RPM, 2.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER

DISK, FOR INCREASING STATIC PRELOADS.
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COPIq_ : IEHTLY ROTOR l)_lqlC

Iql_el|HIi TI_IH: SPACE S_JTTLE MODEL

l_chlne" ROTOR KZT Chl 5 3VD

O. 0 LBS

0.2 LBS

0 • 4 LBS

r_

_0.6 LBS

O. B LB8

1.0 LBS

1,2 LBS

3

FIGURE 12.204 TIMEBASE FOR VERTICAL PROBE AT LOCATION 3 AT 4000
I_M, 2.5 PSI SEAL OIL PP, ESSUI_.E, 0.8 IN-GRAM UNBALANCE
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0.0 LaS

0.2 LaS

O. 4 LD8

0 0 • 6 L2$

0.8 LB8

COHF_ : B_ITLY RQT(_ DYI_|C

JOB REF_: HRSR
I'J:_.IIHE TIU_IH: .SPECK S_I'LE IIODEL

I1_¢htne; ROTOR KIT Ch# 6 3HD

St:e_d_ Sl:Lt e IJ_:_

iJ

|,8 mt|'/dLv (_1 Rot_,tiOfl 4EJe3 rpm

' Ota1.8 mtl /dtv ¢;4
r" r i i i

• 0 iLt /dlv C_4 Rot_tt_ 40_5 Pp_ $_0 a_'cltv

|,8 lit| /dt¥ Cbl RQtltklon 4@@_ rpl 5.1)' flt$/d|v

1.0 LB8

1.2 LB8

_. e Ms,_div

• • • o • • •

1,8 sil','dlv G4 Rot_tlon 4ee6 rpm 5.0 aS,'div

|,il _ll ,'¢l_v ' " Ci4 Rokl_tt4n 4812 rrm _.8 _s/clAv

!}

FIGURE 12.205

t

"I

i

(

a_

I
TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 3 AT "I[
4000 RPM, 2.5 PSI SEAL OIL PRESSURE, 0.8 IN--GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER

DISK, FOR INCREASING STATIC PRELOADS.
&
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L

CralqPANY : BEHT_¥ ROTOR _YHNI|C
Pl.qNT : L_|
J09 _: HqSA
I/_CH|NE TF_IH: SP_.I[ SHUTTLE MODEL

H&chine: _OT_q KIT Chll ? 4VO

0.0 LaS

0.2 LBS

0.4 LBS

_0.6 LBS

_e

0.8 LaS

1.0 LaB

1.2 LDS

St ezdv Stzte Uncow

40e_ rpll |. 8 IIIldiV

1.8 hi| Idiv C,H Rotttion 4_ rpm _.8 ms/div

_.8 mil /div GM Rotation 4ee6 rim _.8 ms cliv

L.8 mil _'dtv CM Rotation 4812 rpm 3.8 ms/_lv

FIGURE 12.206 TIMEBASE FGR VERTICAL PROBE AT LOCATION 4 AT 4000
tLPM, 2.5 PSI SEAL OIL PRESSURE, 0.8 IN-GILAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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: 3ENTLY ROTOR DYI_I¢
Pt.RNT : LR]D
J09 REFF..REHCE: HRSR
Iq:_HIIIE "I']_IH: SPRCE SHUTTLE MODEL

I_¢hir_: ROTOR KIT Chit 8 4HD

Steacl_ State Un¢omp

0.0 LBS

1.8 mil /_Iv C_ Rottti_ 4ee3 r,pm _}.o ms/city

O. 2 LBS

O. 4 L3S

l,e mtl /_liv CH Rotttio_ 4@_3 r'pa _.8 ms/div

|

CN ROtztion 4@e5 rp_- _ 5.e ms/div

0,5 LBS

1.8 mtl /div CN Rotation 4663 rpm _.0 ms/div

_1 ' " " ° ' ' ° ' "

• 8msv,,ivi.0 mil /div C_l'Rotation 4ee6 ,pm

I

1.2 LBS I
_-_ _-_ . _ " , _ _ 'e ''_''_

I
|'O mi| /div CN R_ttttOn 40_"rPm _,O ml/dtv

l°

!

11
i

1
FIGURE 12.207 TIMEBASE FOR

4000 RPM, 2.5
UNBALANCE LOCATED IN THE THIRD PUMP

DISK, FOR INCREASING STATIC PRELOADS.

HORIZONTAL PROBE AT LOCATION 4 AT 11

PSI SEAL OIL PRESSURE, 0.8 IN--GRAM
IMPELLER
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COMPAHY : _EHTLY ROTO_ QY_[C
PLANT : LAB
JO_ REFF.RE_: HRS_
MACHIHE TP_qIH: SPACE SHUTTLE MODEL

tlachtne: ROTOR KIT Chin I 59D

Stet_ S_tte Unco_

1.8 mil /div CW Rotation 48e3 rpm 5.0 ms/Olv

/
1"8 mll /tlv CW RotlLtton 4003 rpm 5.0 ms,'dlv "- "_

O. 4 LBS

•Ol.O mil =i ms/div

_O0.5 LBS

° • 0 • .

1.0 mil /div C14 Rotation 4_5 r'pm 5.8 ms/div

0.8 /,,aS

1,0.mil /div C34 Rotxti_ 4005 rpm 5.0 m$,'div

1.0 LBS

1.0 mll 4div _I Rokztton 4@06 r_m 5.0 ms/dlv

ion 4012 ,'rm 5.0 ms/div

1.2 LBS

FIGURE 12.208 TIMEBASE FOR VERTICAL PROBE AT LOCATION 5 AT 4000

RPM, 2._ PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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: DEHTLY ROTOR DYadiC
FI.N4T : L.qB
JO| _FE_EHCE: H_SR
P_HIHE TRI_IH: SP_ SHUTTLE MO_'L

P_chlne| I_TOR mlT _h! 2 _IO

St eld_l State Ur_ oral)

O. 0 LBS

0.2 LBS

0.4 LBS

1.8 miL /div _4 Rotttion 4ee3 rpm 5.8 ms/air

1.8 mil _dIv CW Rotatlon 4893 rpm 5.e m$/_Iv

1.8 mtl /_iv C_ Rotztton 4e@S rpm 5.8 ms/div

1,0 LaB

1.2 1,B8

,e all /div C_ Rotzttc,n 4ee$ rpm +,e ma/dlv
I

• • , ° ° .I ° • |

I
|;e mall /di¥ CHRotztto_ 4886 rpm 5+8 ms/dtv

I,I all /dtV GH flotitt_ 4812 rpm _,8 ms/dlv

FIGUI_ 12.209 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 5 AT
4000 I_PM, 2.5 PSI SEAL OIL PRESSURE, C.8 IN-GRAM
UNBALANCE LOCATED IN THE THIP_ PUMP IMPELLER
DISK, FOR INCREASING STATIC PRELOADS.
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L

L

11

L

L
I

I

i

0.0 LBS

0.2 LB$

CCl_q4Y : ]IEHTLYROTOR_YI4NSZC
Int,.qHT : I_]J

tsJ_4XI4i TI_XH: SP_;E SHUTTi,EMODEL

J1_¢hine; RQTORKIT Cht :3 6VD

Stelegy S_te Unco_

1.8 mtl _div CN Rotttl_ 4803 rpm 3.e ms/dLv.
i

1.8 _]| /div C_ Rot_tio. 4@83 rpm 5.8 mS/_iv

0,6 LBS

O. 8 gas

t.O mil ,dtv I;;14_otztlon 4_'_ r_m 3.'8 as/c_iv

1.0 LB8

1.2 LaB

ummmmem

_&ttQn 4896 rpm 5.0 mS/div ' '

_ *r * " _ " * ' " n *

1,0 all Jdtv CH'_t_tl_ 4012 rpm 5 O ms/dtv

I FIGURE 12.210 TIMEBASE FOR VERTICAL PROBE AT LOCATION 6 AT 4000RPM, 2.5 PSI SEAL OIL PRESSURE, 0.8 IN-G_M UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR

I INCREASING STATIC PRELOADS.
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m

J]

; _TLY ROTOR _YI4_ZC

JOS _; I._SA
_ZHE TRAZH: PAC( SHUTTLE MO]_I.

MachLne: RQT_ KIT Chl 4 6HO

O. 0 LaS

O. 2 L_S

O. 4 LaS

O. 8 La8

1.0 LBS

1,2 LB8

Od

St eaclv State Uric cmt

t,8 mil sdtv (;;I RQt_tic_ 4883 rpm 5,8 Is/_d&v

1,8 mil /div CN Ret_tion '4ee3 rpm 5.8 _s/4tv

_,.8 mt| /div _ Roq:att(_ _4985 rpm 5.8 IS/dtv

: : : : : ....

1.8 mil /citY _ Rotation 4eeb rpm 3._) ms/dtv

@

FIGURE 12.211 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 6 AT
4000 RPM, 2.5 PSI SEAL OIL PRESSURe, 0.8 IN-GlUM *
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER
DIS_, FOR INCREASING STATIC PI_LOADS. |_
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FIGURE 12.212

NOT AVAILABLE - OIL,IN THE CLEARANCE AREA

PROHIBITS THE METAL-TO-METAL CONTACT NECESSARY

FOR THE CONTACT SENSOR TO OPERATE CORRECTLY.

TIMEBASE FOR SHAFT TO SEAL I CONTACT AT 4000 P_M, 2.5
PSI SEAL OIL PRESSURE, 0.8 IN--GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.

NOT AVAILABLE - OIL IN THE CLEARANCE AREA

PROHIBITS THE METAL-TO-METAL CONTACT NECESSARY

FOR THE CONTACT SENSOR TO OPERATE CORRECTLY.

L

[

!
i L

,__,_A_ _-

FIGURE 12.213 TIMEBASE FOR SHAFT TO SEAL 2 CONTACT AT 4000 RPM 2.5
PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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,t,'9 "_ " _.
L

CONI_H : 3EHTLY ROTOR OYi4NIZO
PI.N4T : L_B
JOB qFE_S_CE: _$m
I'_CHIHE Ti_ZH: _ SI4JTTLE r10_El.

Mtchine| I_OTORKIT CI_| ? NJI R.OCK

O. 0 LBS

Stead,_ State

• -8

O. 2 LBS

Ur.:o_m

2.8 mt| /dtv C_ Rott_lon 4_@3 rpm _.0 mS/div

.8

C_ Rotttion 4683 rp_ 5.@ m$/div

_d

o

0.4 LB$

0.6 LBS

0.8 LBS

1.0 LBS

CONTACT

t.2 Li8

NO CONTACT

8

LO mix /dry C_ Rotttion 4605 epm 5.8 ms/Oiv

'0 •

:,8 si! /div C_ Rotttton 4cos rpm _.0 es/div

• "8 '0

• 0 el! /dtv C_ _otati_ 4ees epm 5.8 mS,div

. o . . , .

2.8 ml| cdiv _ Rotlti_ 4866 rpm 5.0 ms/div

_._ mll /div C_ Rottti_ 4012 rpe 5.0 ms/div TIME

FIGURE 12.214 TIMEBASE FOR SHAFT TO RUB BLOCK CONTACT AT 4000

RPM, 2.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR

INCREASING STATIC PRELOADS.
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: XHI"LY ROTORg_l,k_ZC

f_CHI_l[ TRAIN*- SPRG[ $_1"1_ MOOe.

I_chir_: ROTORKIT ¢_ I 1VD
Steely St_te _4¢01,P

#,

_L

I_¢hine: ROTOR KIT C;'_ 2 IHD
Stetav State IJH¢Ol_

_ 1.o ,o_ !I _ o.8_s ' ' ' "

• 0.6 LlJ8 _.

0.4 Z,,BS ....

FIGURE 12.215 SPECTRAL CONTENT AT PROBE LOCATION I AT 4000 RPM,
2.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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: _TLY ROTOR )YH_IC
PLier : L_B
J0_ _:
_CHIHE T_IH: _ St_JTTLE MOI)EL

I_¢hine: ROTOR KIT CI_e :3 2_D
Stetd_l Sttte UHCOMP

#

i

I_¢hine: ROTOR KIT
$tet_ Stste Ut_0MP

I _° _'r_--'lr-- J.--/_' .... _ _" _,"

o.o _ _,,,,,,,,,,-.._.._,,, , ,,_ _. .1 " i

FIGUP,.E 12.216 SPECTRAL CONTENT AT PROBE LOCATION 2 AT 4000 RPM, 1

2.5 PSI SE,_L OIL PRESSURE, 0.S IN-GRAM UNLALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR

INCREASING STATIC PRELOADS. I !
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FIGUI_ 12.217 SPECTRAL CONTENT AT PROBE LOCATION 3 AT 4000 tLPM,
2.5 PSI SEAL OIL PI_SSURE, 0.8 IN-GlUM UNBALANCE
LOCATED IN 'rITE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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FIGUP_E 12.218 SPECTRAL CONTENT AT PROBE LOCATION 4 AT 4000 RPM,
2.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELO _.DS.
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C_q4Y • BEHTLY ROTORI_14_llC
P_HT : L_3
JO3 REFEREHC_:
MACHINE TRAIN: SPACE SHUTTL_ MODEL

I%¢htne: ROTOR KIT C_e I _N_

1,2 LBS

1.0 LBS

0.8 LBS

0.6 LB$

0.4 LSS

G. 2 LBS

0.0 LBS

I%chine: ROTOR KIT c_e 2s._

"8
w _w

. II

U

eL

1.2 LBS

0.0 LBS

.N;

o.

"8

-- N

i

,t

FIGURE 12.219 SPECTRAL CONTENT AT PROBE LOCATION 5 AT 4000 RPM,
2.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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_¢htne; ROTORKIT Ch¢ 4 6H_

FIGURE 12.220

m,T_

SPECTRAL CONTENT AT PROBE LOCATION 6 AT 4000 KPM,
2.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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COMI_IHY : _EHTLY ROTUe_J_Y_IC

JOI _E_'I_RENC_:
M#_4INE TI_IH: _ ._41.rVN.E MODEl.

I_¢htr_: ROTOI_KIT _J_e 5 _ el CONTACTOR
Stn_ Stzte UHCOI_

b

FIGURE 12.221 SPECTRAL CONTENT FOR SHAFT TO SEAL I CONTACT AT
4000 RPM, 2.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER
DISK, FOR INCREASING STATIC PRELOADS.

l_¢htl_* RQT_ KIT ¢ht 6 E_. I)2 C_HT_OR
$tot_ State

o ..... . ,/_

/ ." .' • ." ' " -

0
_'"'t_'"_ .... :t":',['"'_ .... ,_,,,,,,.,,.,,,,,,.,.I ,_.

FIGURE 12.222 SPECTRAL CONTENT FOR SHAFT TO SEAL 2 CONTACT AT
4000 RPM, 2.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER
DISK, FOR INCREASING STATIC PRELOADS.
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FIGURE 12.223

FIGURE 12.224

SPECTRAL CONTENT FOR SHAFT TO RUB BLOCK CONTACT
AT 4000 RPM, 2.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER

DISK, FOR INCREASING STATIC PRELOADS.
_ADXAL

PRELOAD

FORC_

PI P2 P3 P'_ PG e_

,ko = !,o_'ko '_ k k

ROTOR MODE SHAPE AT 4000 RPM, 5.0 PSI SEAL OIL
PRESSURE DUE TO 0.8 IN-GRAM UNBALANCE LOCATED IN
TIlE THIRD PUMP IMPELLER DISK.
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d_g°
270 cle_.

Ur¢O_
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FIGURE 12.22,5 ORBITS AT PROBE LOCATION I AT 4000 RPM, 5.0 PSI SEAL
OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLER DISK, FOR INCREASING STATIC
PRELOAD FORCES•

Hachirm: ROTOR KIT
_chine: ROTOR KIT

Ch# 3 2V= 8 d_.
Chl 4 2MD 270 d_.

Stetdv State Unconm

L

L
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• ° • • • ° • • •

• • • • • • • • •

:: ::,o
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• • • • ° ° ° ° •
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FIGURE 12.226 ORBITS AT PROBE LOCATION 2 AT 40f_0RPM, 5.0 PSI SEAL
OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLEI_. DISK, FOR INCREASING STATIC
PRELOAD FORCES.
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-- _ : ]_E_ITLY ROTOR I)YI_IC
PL_T : L_

_, JOB REFERENCE: NR_q
I_CNIN[ TRRIN: SPN:_ SHUTTLE NOI_L

Machine: ROTOR KIT Chl 5 3VD
Machine: ROTOR KIT Cht 6 3HD

Stetd_ St_e.

8 deg,
278 deg.

Un¢_

o

o

m

,•1•°0,,4

..t•,,,Q•

"•_••

8 rp

N

0

Q

•,••,°,°.

Q••6,..°_

';018'rpm

o,.oo..o•

_,*•••o°•

_ R_t_ti_n

o

• • , • • . • ° •

•,...._00

•,•,°•.•0

,•°..._.0

•°_.,••.°

S_9__m

.I

***••o,,*

.***,,,.o

,°,°•o.•.
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;e_8 r_ '
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.°••.._•o
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FIGURE 12.227 ORBITS AT PROBE LOCATION 3 AT 4000 RPM, 5.0 PSI SEAL

OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLER DISK, FOR INCREASING STATIC
PRELOAD FORCES.
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• i

/

M_chlne: ROTORKIT
M_chirm: ROTOR KIT

Ch# 7 4Vl_ 9 de_.
C_e 8 4H_ 2_ de_.

Stetd_ Sttt@ ;Jr.:_

FIGURE 12.228 ORBITS AT PROBE LOCATION 4 AT 4000 RPM, 5.0 PSI SEAL
OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLER DISK, FOR INCREASING STATIC
PRELOAD FORCES•



I_ _ : l_gtTL.7 ROTOR _I,W_I¢
Pt.NtT : LAB

_¢hir_l ROT0fl KIT Chl ! _D

L Machine: ROTOFt KIT Ch# 2

I

[ 1.o _il/a_.,,:

,_ [ 1.0 milldiv.
897 rpm 4e89 rpm
8.50 mL1 /dLv C_ flo_zti_

278 deg.
S_eic_ Stzte Uncc_

,, v.P

"0" i,Q't
:._ ! : !

FIGURE 12.229 ORBITS AT PROBE LOCA.TION 5 AT 4000 RPM, 5.0 PSI SEAL
OIL PRESSURE, 0.8 INGRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLER DISK, FOR INCREASING STATIC
PRELOAD FORCES.

I'_¢h:l,ne: ROI"QR KIT
l%chSne; RQTQR KIT

Chi_ 3 _VD e deg.
Che 4 61_ 27e des.

Ste_c_ Stz_e Ur_c_

_ UP.

• • , • ° , • , •

.i!.!! _.
0 , _4

it
• , • ° , • . , , __
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II i O ii

,,°,,°,,.
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FIGURE 12.230 ORBITS AT PROBE LOCATION 6 AT 4000 RPM, 5.0 PSI SEAL
OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLER DISK, FOR INCREASING STATIC
PRELOAD FORCES•
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"_-- COI,PWCY : i_rrI.Y _OTOR DYt,I_IC

,;03 I_riOUO,ICE:
h:RHIl_ TI_IN: SPACE Si4JTTLt[ MODEL

Machine: ROTORKIT Ch# I 1VD

St:e_c_ St:at:e Ur_c_

m O. 0 LBS

i.8 mil dtv CWRotation 48e7 rpm 5.8 ms/div

i 1.8 rail /City CW Rotition 4(318 rpm 5.8 ms/div

; O. 4 LSS

0.8 LBS

1.8 rail/div CWRotsticx_ 48e_ rgm 5.8 Wdiv
l [

l.O nil /div G4 ROtation 399_ r_m 5.8 Wdtv

FIGURE 12.231 TIMEBASE FOR VERTICAL PROBE AT LOCATION 1 AT 4000
RPM, 5.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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0.0 LBS

O. 2 LBS

O. 4 LBS
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C0MP/_HY : _TLY _3T_, I)Y_MIC
PriNT : L_B
JOB R_: _SA
MA(:HIHE TRAIH: SPN:E S_NTTLE M0_'L

M_chtne: ROTOR KIT Che 3 29D

0.0 LB8

0.2 LBS

O. 4 LBS

0 0.6 LBS
R,

$tetdV star@ Un<o_

1.8 rot1 /div CW Rottticm 4807 rpm 5.8 ms/div

CW Rotttion 4ee5 rpm 5.0 uJdiv
[

1.8 mil /div CW Rotation _ rlm 5,8 ms_div

0.8 LBS

1.0 LB8

1.2 LBS

1.8 all /div CH _0t_tlon 48e7 rPm 5,0 Wdiv

i i i •

l,iloil /div CW Rotation 4_e9 rPm 5.8 Wdiv
m n

1.8 all /div CW I_ttti_ 39?5 rpm 5.8 ms/div

FIGURE 12.233 TIMEBASE FOR VERTICAL PROBE AT LOCATION 2 AT 4000
I%PM, 5.0 PSI SEAL OIL PRESSURE, 0.8IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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L.

L

: JE_r',.Y ROTOR.DYIINIIC
PLN_ : L._l

MACHINE TP.qlH: SPACE ._r'rLE MODEL

Machine: ROTOR KIT Ch# .4 2MD

O. 0 LBS

O.2 L_S

0.4 LBS

<
J

m !

t.8 mtl /div C_i Rot:Ltion 4ee_ rgm 5.o wdiv

O. 8 LBS

1.0 LSS

1.2 LBS

1.0 mll /div _31 P,otati_n 3_r_'rga _.@ Wdtv

TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 2 AT
4000 RPM, 5.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER
DISK, FOR INCREASING STATIC PRELOADS.

FIGURE 12.234
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0.0 LB8

0.4 LBS

1.2 LB8

FIGURE 12.235

1,8 roll ,_div C_l Rotttton 4e_9 r,lm _.8 ms,,div

1.8 rail _'div _1 Rotttion 3_5 r_m ,_.8 -Is_'div

TIMEBASE FOI_ VERTICAL PROBE AT LOCATION 3 AT 4000
I_M, 5.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALAlqCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOIl
INCREASING STATIC PRELOADS.
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(_MP_ : BENTI.Y ROTOR _'1I¢
: .LAI

J01 REFErENt: _SR
_INE TraiN: _ SHUTTLE MO_'L

Rtchine: ROTOR KIT Ch# 6 3HD

0.0 LB5

0.2 LBS

0.4 LBS

St etd,_ State Unc_

L.8 mi! /div " _ Rot_tlon 4eE? rpm 5._ ms/div

i

L.8 rail /div C_ _t_ti_ 4ee5 rgm 5.8 as/div

b_

1.8 mil *'div CW Rotation 4668 rgm 5.6 Wdiv

O. 8 LBS

1.8 rail /div G4 P,otttton 40e? _m 5.8 Wdiv

i

:i _.8 rail /div CW Rotztiml 4ee9 r_l .%8 mVdiv
_z i

L

l.e rail /div G_ I_t_ton 3995 r_m ' 5.8 Wdiv

FIGURE 12.236 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 3 AT
4000 _M, 5.0 PSI SEAL OIL PRESSURE, 0.8 IN--GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER
DISK, FOR INCREASING STATIC PRELOADS.
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: ]RH'n.Y ROTOR 0YI,1,_I¢
pt..ql,rr : L._l
,;03 REFF.RENCE: I_S_
I'_,CHIHE TRAIN: SP;tCE SHUTTLE HOOEI.

I_¢hirte: ROTOR KIT Che ? 4VD

O. 0 LBS

Stead_ State Unco_

1._ mil /dLv CN Ret_tion 4867 rpm 5.8 ms/dtv

O. 4 LBS

f

• . • .... , .

! _ _ _ _ !__- I

" I
1.8 si I /div (_1 Rotor ion 4085 _m 5. _ ms_cliv

1.0 LSS

1.2 LBS

FIGURE 12.237

|.8 nil /div _N Ro_:aticw_ 399"J rpI _.8 wdiv

TIMEBASE FOR VERTICAL PROBE AT LOCATION 4 AT 4000
RPM, 5.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THirD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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i

COMP_ : BENNY ROTOR BYHRNIC
I_T : LRB
JOB REFERENCE: N_SA
MACHINE TRRIN: $P_ $H4JTTLE MO_EL.

Machine: ROTOR KIT Ch@ S 4HD

0.2 I,_S

0.4 LBS

O 0.6 LBS

0.8 LBS

1.0 LBS

1.2 LBS

F!GUI_E 12.238

Stezd_ Stzte Or_o_

I 8 all =iv C_ Rota ion 4ee_ na .0 ss/ iv "

.8 ail /div C_'Rot_tion 4_ rgs 5.8 Wdiv

r

.... o o o

• e ail /div CW Rot'z;i_'-- 3995 _m 5.e Wdtv "

TIMEBASE FO_ ._ORIZONTAL PROBE AT LOCATION-'4 AT

4000 RPM, 5.0 PSI SEAL Oi'L PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER

DISK, FOIl INCREASING STATIC PRELOADS.
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: )EHTI.Y ROTOR DYt,/_d'IIC
PUqlIT :, l-qB
,103 REF[_[I,¢[:
I'_¢HZN[ TRRIN: _:_;¢[ $HJTTLE MO_E:L

l'1_¢hlne: ROTOR KZT- Che I 5VZ)

Stetd_ Stt_e Ur_:o_

O. O LBS

C_ Rotation 4097 rpl 5.9 ,_s/c_iv

0.2 LBS

0.4 LBS

l.O mil /dlv _ I_tttim 4818 rpm 5.9 ms/div
!

1.8 mtl /di_ _ F_otation 4ee3 rpm 5.8 ms/dtv

0.8 LBS

1.8 mil /div C14 Rotttion 4N_ r_m 5.8 ms/div

.0 LBS

1.2 LBS

FIGURE 12.239
1.8 mil ,'dlv G4 Rotttion 3_ rpm 5.e ms/dlv

TIMEBASE FOIl VERTICAL PI_OBE AT LOCATION 5 AT 4000
IIPM, 5.0PSI SEAL OIL PRESSURE, 0.8IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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coelq_Y : BEHTLY RaTOA _C
PL_T : L_B

HACHIHE TRAIH: SPACZ+StNTTLE MODEL_chine: ROTOR KIT Che 2 _t4D , A

Steld_ Sta_e Unco_

1

0.2 LBS

1.8 mll /dtv CM Rotztton 4@1'8 r_n _._ Wd,v

_ I

O. 4 LBS t

L ,..,,io,+_+_! ; i
ion ' .8 ms,' iv4ee5 r'i_m

I '

_0.6 LaS . _ i,,,

i _ .......

1.8'mll /dlv CM Rot_kion _ rpm 5.0 Wcltv ,
;k

1.0 LBS

(
[

• ,

1.0 mll sdlv C_ Rotation _ rim 5.0 Wdiv

! ' !, i i i !,+, ::
LI'0 rail /diV i CM Rot ion 3#_ m .0' _,'

L FIGURE 12.240 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 5 AT
4000 RPM, 5.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER

L DISK, FOR INCREASING STATIC PRELOADS.
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0.2 LBS

O. 4 LBS

1.0 LBS

1.2 LBS

FIGURE 12.241

1

A

!
• o • q

i 4ee9 _m _.B wdiv I1.8 all /div Cl_ Rotat

_ -.

i _ : i i _ : i . .

I.@ oil /dlv _ Rotatl_n 3y_ro rpm 5.0 Ms/dlv 1

TIMEBASE FOR VERTICAL PROBE AT LOCATION 6 AT 4000 1
RPM, 5.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE ._
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR

INCREASING STATIC PREIOADS.404 1 !
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' 7 • -w

: KHTt.Y ROTOR_Oi_IC
: LRB

00B REFERIg_E:
MRCHIHETRRIH: $PRCE SHUTTt.EMO_.

M,chlne: ROTORKZT _# 4 6HD

0.0 LBS

0.2 LBS

0.4 LBS

Steady State Ur_o_
i

l,O mil /div ' C_ _t,tton 4010 rpIn' 5.0 ms/div

,, , j ,

o 0.5 LBS

_.0 wdlv

0.9 LBS

1.0 LBS

' | m,

l,il '_ll /div _ ket'ttlcm 4tle_ ,'Mm 5.0-uvdtv

1.2 LBS

FIGURE 12.242 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 6 AT
4000 RPM, 5.0 PSI SEAL OIL PRESSURe, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER
DISK, FOR INC/LEASING STATIC PRELOADS,

465

• '_

iq



NOT AVAILABLE - OIL IN THE CLEARANCE AREA

PROHIBITS THE METAL-TO-METAL CONTACT NECESSARY

FOR THE CONTACT SENSOR TO OPERATE CORRECTLY.

i

FIGURE 12.243 TIMEBASE FOR SHAFT TO SEAL 1 CONTACT AT 4000 RPM, 5.0
PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE

LOCATED IN THE THII_D PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.

°

|

Q

NOT AVAILABLE - OIL IN THE CLEARANCE AREA

PROHIBITS THE METAL-TO-METAL CONTACT NECESSARY

FOR THE CONTRCT SENSOR TO OPERATE CORRECTLY.

r •

FIGURE I2.244 TIMEBASE FOR SHAFT TO SEAL 2 CONTACT AT 4000 RPM, 5.0
PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE

LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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• BEHTLY ROTOR I_YHRMIC

O0) _: I,_SA
MACHINE T_XH: SP_ S_JTTLE MO_I.

Machine: ROTOR KIT Ch# 7 RUB _.0CK

0.0 LB$

O. 2 LBS

Stetdv State Ur.:_

t " ".°

_.8 til /div _ Rot_i_n 4ee? rgm "' 5.8 wdiv

F"
2.0 At1 /div CW Ro_%tiOn 4@10 rPm 5.@ ms_,div

O. 4 LB$

2,_ Ill /div G4 _t%ticw_ 4895 _m 5_8 wdiv

O. 6 LBS

NO

.8 mil /div CZ4 Rottticm 4eee r_m 5.'8 wdiv
PE

O. 8 LBS '.8 --

_2.8 mil /div (_ Rotation 4ee? r_m 5.8 wdtv

1.0 LBS

CONTACT

1.2 LaS

CONTACT

FIGURE 12.245

2.1 mil'_div ¢_ Rotation

Z.e mil /div C14 Rotztion 3995 rgm 5.0 Wdiv TIME

TIMEBASE FOR SHAFT TO RUB BLOCK CONTACT AT 4000

RPM, 5.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR

INCREASING STATIC PRELOADS.
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COi_ANY : BEHTLY ROTOR OYHI_IC
F"-qHT : LAB
JO! REFERENCE: HASA
NACHIHE TRAIN: SP_E S_CJTTLEMODEL

Mtchine: ROTOR KIT Ch| ! IVD
$tetcJ_ Stzte UHCOMP

0
I!4

I_hirlt| ROTOR KIT ChO 2 1HD
Stetdv Sttte Ut4COMP

,_ q

t

"I

i

o

0.6 LBS 4eee

O. 0 LBS

4018

4ee7 rim

1 Hannlr_ 181 ndo_

SPECTRAL CONTENT AT PROBE LOCATION 1 AT 4000 RPM,
5.0 PSI SEAL OIL PP_SSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOAD.
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FIGURE 12.246
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t

I

1

L.

L

COMP_4Y : ,I_HTI.Y ROTOR DYHI_IIC
PL.N,IT : L_B
JO_ REFEREHCE: H_SA
HI:_HIHE TP.qIH: SPACE SHUTTLE HOOEL

Hichine: ROTOR KIT _ 3 2VD
$te_dtl Stzte UNCOIl)

Hlchine: ROTOR KIT Chli 4 2ND
Steidtl Stite

FIGURE 12.247 SPECTRAL CONTENT AT PROBE LOCATION 2 AT 4000 RPM,
5.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.

469



CO_oRHY : 3EHTLY ROTOR _Yld:$11¢
PLRHT : LRB
JOB REFERENCE: NRSR
I_CHIH£ TRRIN: SPRCE SHUTTLE MOgE].

Michir_: ROTOR KIT C_ii 5 3_ID
Steld_l State UNCOI_

;I

-i

l'lichlne: ROTOR KIT l_lll 6 _.4D
S_eidw Sttte

FIGURE 12.248 SPECTRAL CONTENT AT PROBE LOCATION 3 AT 4000 RPM,
5.0 PSI SEAL OIL PtLESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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,A.

_, °

_r

_-':L

Pt.qNT : I_]l
JOB REFErEnCE:
I_iZItE ll_tZN: SPliCE Si4UTTLE MOiiEL.

lqtchine: ROTOR KIT Chit ? 4VD
Stnll State UI¢OI_

i ,.,,,sl ..._, _._, , A . _i ,,,,1

_ o.,_,,l .._ ... --÷ . I-

.,_n-,,.,,,k_,,.,,><4,,.,_,,,,_,.,,_,,,,_,,.,_
Ruchirm: ROTOR KiT

Steidtl $llte

_r
-_L
II

!

. + 14,

o.=,../__..__-._ • .. • ..__ .- i ""
o.o *.=sh,,,,,,,,-- _,_,, _, _,i_,, ,-,.... • ,'__-,,, ,,,, ,,/ _ ""

• , i 3 ,,i_!,<,<<,/.> _' " .,_,_'=_

FIGURE 12.249 SPECTRAL CONTENT AT PROBE LOCATION 4 AT 4000 RPM,
5.0 PSI SEAL OIL PRESSURE, 0.8 IN--GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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. :JLIlel__ I

I

1.2 LBS

0.2 LBS

O. 0 LBS

1

_chine: ROTOR KIT

1.2 LBS

u 1.0 LBS

0.8 LBS
Q

0.6 LBS

0.4 LBS

0.2 LBS

0.0 LBS

FIGURE 12.250

(kcpm)

SPECTRAL CONTENT AT PROBE LOCATION 5 AT 4000 RPM,
5.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS,

472

I

mO

t_



CO_ : )EHTLY ROTOR D_:IMIC
PL.qHT : _q]3
JO_ P_RE_E: _SA
I_HZHE. Tl_qIN: _ SHUTTLE MODE].

Machine: ROTORKIT Cht 3 6V91]
m_ :' Stetd_ St_,te UHCO_

1.2 LB$ 3995 >

B .....

"k ." ." :? 4eee

_ .o.,_,_/.._____i," - _ .- ..

CtYI) 4 _ID
Steady State UHCOMP

I_chine: ROTOR KIT

FIGURE 12.251 SPECTRAL CONTENT AT PROBE LOCATION 6 AT 4000 RPM,
5.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRI_LOADS.



COMPI_"f : BENTLY ROTOR l_'fl,INqXC
PLma" : LRI)
JOB REF£REHCK: I,iRSA
I_,IXI, E TRAXI,I: SPI:&'E SHUTTLE MOI_L

Mzchine: ROTOR KIT ¢h# 5 $E_(. #I COHTACTOR
Steady Stzte UNCOI_

iI

/

. |

1.2 LBS

1 o0 LBS
o

0.8 LBS

O. 6 LBS

0.4 LBS

0.2 LBS

FIGURE 12.252

w

0.0 LBS 4607 ,-i,,,

1 2 F__ 6 ? 8 9 18(kcpl) Htl'_nirtgWindow

SPECTRAL CONTENT FOR SHAFT TO SEAL 1 CONTACT AT

4000 RPM, 5.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER

DISK, FOP,. INCREASING STATIC PRELOADS.

Machine: ROTOR KIT Chlt 6 SEN. #2 C01_TACT08
Steac_ State I.q'4CCA',P

II

4P

fll

t

e_

FIGURE 12.253 SPECTRAL CONTENT FOR SHAFT TO SEAL 2 CONTACT AT

4000 RPM, 5.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER

DISK, FOR INCREASING STATIC PRELOADS.
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!

i

o

i. 2 LBS

1.0 LB$

0.8 LBS

0.6 LBS

0.4 LBS

0.2 LBS

0.0 LBS

I

FIGURE 12.254 SPECTRAL CONTENT FOR SHAFT TO RUB BLOCK CONTACT
AT 4000 RPM, 5.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER
DISK, FOR INCREASING STATIC PRELOADS.

MAI}IAL

PI_ELUAD

FORCF

ROTOR MODE SHAPE AT 4000 RPM, 7.5 PSI SEAL OIL
PRESSURE DUE TO 0.8 IN--GRAM UNBALANCE LOCATED IN
THE THIRD PUMP IMPELLER DISK.
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FIGURE 12.256 ORBITS AT PROBE LOCATION 1 AT 4000 RPM, 7.5 PSI SEAL
OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLER DISK, FOR INCREASING STATIC
PRELOAD FORCES.

Machine: ROTOR KIT
Machine: ROTOR KIT

FIGURE 12.257 ORBITS AT PROBE LOCATION 2 AT 4000 RPM, 75 PSI SEAL
OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLER DISK, FOR INCREASING STATIC
PRELOAD FORCES.
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CO_PRh_ : )EHTLY ROTOR DYNNIIC
PLANT : LAB
JOB REFERENCE: HRSA
I_CHZI_ TR4qZH: $PP-_._ SHUTTLE MODEl.

M_¢hine: ROTOR KZT (::hi) S 3VO
M_¢hine: ROTOR KIT Clot) 6 3HD
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FIGURE 12.258 ORBITS AT PROBE LOCATION 3 AT 4000 RPM, 7.5 PSI SEAL
OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLER DISK, FOR INCREASING STATIC
PRELOAD FORCES.
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M_¢hine: ROTOR KIT
11_¢hine: ROTOR KIT

_"_# 7 4UD O des.
¢he 8 414]) 278 de_.

St ead_l Sttte IJn¢o_
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FIGURE 12.259 ORBITS AT PROBE LOCATION 4 AT 4000 RPM, 7.5 PSI SEAL
OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLER DISK, FOR INCREASING STATIC
PRELOAD FORCES.
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C_IPRHY : 3EHTLY ROTOR _YHRMI:
Pt,qHT : LAB
JOB REFERE;,P_: HRSR
I_CHIHE TRRZH: SPACE SttUTTLi[ MOI)E%

Mtchir_: ROTOR KIT Ch# 1 5VD
l_¢hine: ROTOR KIT Ch# 2 5HD
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FIGURE 12.260 ORBITS AT PROBE LOCATION 5 AT 4000 RPM, 7.5PSI SEAL
OIL PRESSURE, 0.8IN-GRAM UNBALANCE LOCATED IN THE
T]_IRD PUMP IMPELLER DISK, FOR INCREASING STATIC
PRELOAD FORCES•

M'achine: ROTOR KIT
Machine: ROTOFtKIT

Ch# 3 6VD 8 deS;.
_he 4 ,MID 2?8 d_;o

St erda; $t:_te I.k-,:o_p

• ° _ , • • • °

UP

, • • ° • ° • . •

• ° ° , • , . • ,

iii iii
° • . ° o • • _ .

 iii iii,
. ° • • ° . ° • •

FIGURE 12.261 ORBITS AT PROBE LOCATION 6 AT 4000 RPM, 7.GPSI SEAL
OIL PRESSURE, 0.8IN-GRAM UNBALANCE LOCATED IN TlqE
TWIRD PUMP IMPELLER DISK, FOR INCREASING STATIC
PRELOAD FORCES.
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C0mmHY : N_ITLY ROTOR 9Y_k_ZC
PLRNT : L_B
JOB REF_EH_: HRSR
Pk_OdZl_ TRAIH: ._ SHJTTL_ _EI.

rhLchtne: ROTOR KIT Chet 1V])

St etdv Sttte LJ_o_

1.e itl cdlv ' N Rotttton 4813 rpm 5,8 ms/div

0.2 LBS

o,
E) rail /dtv CM _tttion 4_14 rpm 5.8 ms/¢Jiv

r

O 0.6 LBS

t.8 Ill /dtv C_ Rottttofl 4816 r_I _,8 W(_iv

1.0 LB5

1.2 LBS

FIGURE 1_.262

ii

1,8 Ii! /dtv CM Rotttton ,let5 rpm 5.8 , Wdiv --__
., = * * • . • o . " • .

1.8 roll /div _ I_tttton 4et6 rlm _.8 is/div

t.tl_l ,ediv CM r_t_tton ' 4e14 r_m 5._ WdAv

T][MEBASE FOIL I/ERTICAL PROBE AT LOCATION 1 AT 4000
KPM, 7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GIL_M UNBALANCE
LOCATED IN THE THIKD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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JOB REFEREHCE "-

i ++'+: mCHll_ TI_IH: _ SHUTTLE

m<:P,Ir,.: too'roe Krr m* + :HD HStea_ Skate Un¢o_

1.8 It1' ',,dtv CM Ntati_ 4013 r.ea, S,6 ms,"aiv

1,8 _il eddy' C_ Rot_tion 461:_ r_m _.8 ss/cIIv

o. 4 LaS _. !

1,@ sil Idtv ,C_,Rotttton 4814 r',.pm, _.8 as/oiLy i

r_

0.8 LBS

1.0 LBS

1.2 LBS

FIGURE 12.263

i i

1,8 rail /dl-v CW Rottt/on 4816 r_s _.8 as/dlv

• ° , • ,

l,I nil Jdlv CM Rotttton 4615 r_s 3,8 ss/dtv

1,8 ..t1 /div C_ Notaticm 44_16 e_'r._ 5.8 ns/dtv
i i

_,_ as/dlv = "

TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 1 AT
4000 RPM, 7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER
DISK, FOR INCREASING STATIC PRELOADS.
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COMP_ : BENTLY ROTOR D'r't,bclll¢
M.q_T : L_B
JOB REFERENCE: b_SA
1,1_cK:t4I_ TI_IH: SP_ ShqJTTLE MODEL

_chtne: ROT_ KIT (;hi) 3 2VI)

0.0 LBS

0.2 LBS

O. 4 LBS

St oadv Sttte Uncow
J

,.8 mll ,'dtv _ Rotation 4813 rgm _.8 Ss/div

1.8 all /dtv G,I Rot_ttcm 4813 rgm 5.B ssJ_tv

• . o

1.8 ill /div CW Rotation 4e14'rgm 5.8 ms/div
n [

r4
cJ

O 0.6 LBS

d L _

G_ Rottti_ 4616 rga ' 5.8 as/div

0.8 LBS . _dl)m r_ __.,___. iS-,"--

I.@ all /div _ Rotaticm 4615'rga' _.8 Wdiv

i

1,0 LBS
. °

1,2 LB8

FIGURE 12.264

I.il all /dtv " _ Rottttan 4816 rga 5.8 Wdiv
--r -

4. -- _.8-

1_.8 all "/0iv CW RotatiOn 4e14 rgs 5.8 "as/div

TIMEBASE FOR VERTICAL PROBE AT LOCATION 2 AT 4000

RPM, 7.5 PSI SEAL OIL PRESSURE, 0.8 IN--GIL_M UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR

INCREASING STATIC PRELOADS.
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¢_qPC_W : ]EHTLY ROTOR _1_IIC

_OB REF'EREH_: _
_CHINE TRAIN: SPa'l[ SHUTTLE ROI_I.

_¢hir_: ROTOR KIT Ch0 4 2HD

$tea_Sttte _o_

0.0 LB$

0.2 LBS

i

¢

"i

0 iiI° • • ° • • ° • o

1.8 mil ,'div CM Rotation 4e14 rpm 5.8 as,'div . _

0.6 T-B$

_ _t_ti_ 4e. ..e wdtv ".'-z_e rail /div rl) a

i,i,_ i :: _ ! i
I.E mtl /div (_ Rotation 4elS rim 5.8 wdiv i ;

:l.-il all /div C;_ Ro_tton 4el_ _ , _.| 'W_iv [

1.11 aiZi_4iv ' CM'Rota _ _'il -as_ iv

FIGURE 12.265 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 2 AT I

4000 RPM, 7.5 PSI SEAL OIL PRESSURE, 0.8 IN--GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER
DISK, FOR INCREASING STATIC PRE_,OADS. 1
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L

,L

: BIOtTLY ROTOR 11Y11_1C
Pt.qHT : L_|
JOB REFEHEHCE: H_SR
_INE TI_IH: _¢E.SHUTTUE MODE.

M_chlne| ROTOiq KIT Chi 5 3VD

0.0 LBS

Stetd_ Stkte Uncc.m

• o • , ° • ° ° °

t.E It1 ,'dtv _ Rottttcn 48;3 rpn _.8 ms/div

0.2 LBS

0.4 L_S

• 8 mix /div (34 Rot;tton 4e13 r_m _.8 Rs,,dtv

a -- _ w

1.8 rail Idly _ Rotation 4e14 r_m 5.8 m_dtv

___ ir-------

O. 6 LBS

1.8 mil /div

0.8 LBSI__..

l.g rail Jolty

1.0 LBS__

1. II mi I sally

_- r'_

• °

Ctl Rottt ic_ 4816 rim _.8 wdiv

C_ Rottt ion

C_l'Sottticm 4016 rim 5.8 Wdiv

1.2 LBS

[,_ ill /QiV _M ROt&ti_ 4_i4 I_l _._ Wdiv

FIG1)RE 12.266 TIMEBASE FOR VERTICAL PROBE AT LOCATION 3 AT 4000
RPM, 7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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_Y : _T_Y ROTOR m_X¢
PLqHT ! LAJ
JOB RSFERE_CE: N_SA
MACHINE TR_4ZH: SPN_ SI_JTTL_ MQDEL

Htchi_: ROTOR KIT Che 6 3;%9

0.0 LBS

0.2 L_$

0.4 LBS

°,

$tetdv Stzte Ur_
n

I '
1,8 mt_ /dtv CW Rotztion 4813 rgm 5.8 i_'div

i

l.e mll /div

1.8 mil /dtv

CW Rotation 44)13 ._m 5.8 a_dlv

i-
u

CW I_tttlon 4814 rpm 5.8 ms/div

o O, 6 LB8
r_

0.8 LBS

1.0 LBS

• ° .

1.8 mll /div .... C_ Rotation 4016rgm
nn

5.e s_'div

1.8 Itl /div

I
I,B mll /dlv

_tation 4815 rpm 3.8 waiv

Rat_ttan act6 r_i 5.8 ms/dry

1.2 LBS

FIGURE 12.267

t.8 roll /div CW Rotzti_n 4@14 r_m 5.e Wdiv

TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 3 AT
4000 RPM, 7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER

DISK, FOR INCREASING STATIC PRELOADS.
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L

C_PIq, IY : liCiTLY ROTORDYt4NS!C
Pt.N4T : t._]l
JO]J REFEP.E_CE:
1'SJ_.ltJ,E TI_INx SP_[ StmJTT_ I40_L

I'_¢hine: ROTORKZT

0.0 LBS

0.2 LBS

0.4 LBS

I
? 4vD

Steady State Unco_
n

L

1.0 roll /oily Cld Rotition ' 4_13'r_m 5.0 I/_'cltv
u n , t i,

l.d nil sally "CM_tttion 4013 r_m 5.8 u,,'citv
--, |

1.8 rail /dtv "C141Rot_,tton 4814 r_m 5.8 ms/dtv

0.8 LBS

1,8 mil /div Qd Rotak"_n 4816 r'l_m 5.8 wdtv

1.8 mtl /dry C_ Rotation 4014 rp& =.8' wdiv

TIMEBASE FOB. VEB.TICAL PB.OBE AT LOCATION 4 AT 4000

RPM, ?.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOB.
INCREASING STATIC PRELOADS.
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I FIGURE 12.268

1.2 LBS

1.0 LBS

_- 1:8 ail'/div' ' CM'ROtsti_e_ 4e1_ r_m _.O Wdiv



COm_NY : HHTLY ROTOR _H_IIC
Pt__NT : LRB
JOB _FE_: NRSR
_ZHE TRRIH: SPRCE SHUTTLE MO/_.

Mtchine" ROTOR KZT Che 8 4HD

O. 0 LBS

Stetdv Sttte Unco_

O. 2 T BS

O. 4 LBS

L

1.8 lil /dlv CW Rottticx_ 4e13 r_t 5,8 ms/dry

, i

1.8 _il /air CI_ Rotttion
n

00. 6 LBS

O. 8 LB$

-- _ - i i "

4813 rl_m 5.8 Wd_v

1.8_iI /div Cbl Ratttion 4@14 r_m 5.8 ms*'div

i._ Ill /dtv CH #,_tticm 4el6 r_a 5.8_mvdiv

l.E Ill /Qiv CI4 _ation 4e15 r_m 5.a wdiv i_
_. 0 Las _ _ _ _ • .__.__.___

|'g lil /d_v C_4 RotttiQn 4@16 r_m _._ w_iv"

1.2 LaS
i_ ie....... _

• B _il /4iv - Q4 Rotttl_n

FIGURE 12.269 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 4 AT
4000 RPM, 7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRI) PUMP IMPELLER
DISK, FOIt INCREASING STATIC PRELOADS.
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L

COflP/_ : BENTLY ROTOR %;YN_I_
:L_

JOB _: _
M_K_INE TRAZH: SP_(_ ShIJTTLE MO%_.

I%chtne: ROTOR KIT _ ! 5UD

0.0 LBS

0.2 LBS

.4 LBS

1.8 mtl /div C_t Rotarian
t , n i

• . . • , ,

1.0 _II /dlv CW _t_tion 4e12 r_m 3.8
.n

$tea_ State Ur_¢_

40/3 r_m 5.8 w_tv

ms/dlv

• 8 mll /=iv CN Rotation 4814 ,pm 5.8 w_lv
i u

,.0 ill" _div CN I_tttion 4e16 rpe _.8 wdiv

u •

1._ oil sdiv _ ROt_ICion " q15 rlm 5.0 wdiv

m m i ' , , • n i I

i i • u i in

1;0 oil _div Ct_Rot_ticm .... 4014 rpi 52@ wdiv

FIGURE 12.270 TIMEBASE FOR VERTICAL PROBE AT LOCATION 5 AT 4000
RPM, 7.5PSI SEAL OIL PRESSURE, 0.8IN-GP.AM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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PL_T : L_B
JOB REFERENCE: H#S_
MI_CtIIH( TRA%It: _ SHUTTI.E MOR1.

I%¢hine: ROTOR KIT Che 2 5H_

0.0 LB$

0.2 LBS

Stetdv $tzte Lk_

1,'8 rail /div G4 _tttion q)l) r-p;' _.0 mv_iv ii

1.8 rail tdiv CM Rotztion 4812 r_m 5.6 ms/div

I*_ Ill /div 'CM Rotation 4814 rpm 5.0 _s/cliv

F

o.
_ ° ....

l.e mtl /div CM P_t_tion 4@16 rgm 5.8 mWdzv

• ° . , •

1,8 rail ,_div ' 1_4 Ro_tion 4e15 rl)m 5.8 " wdiv

FIGURE 12.271 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 5 AT

4000 RPM, ?.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER

DISK, FOR INCREASING STATIC PRELOADS.
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[lI. =._., ._ _o__,,c ..........
M.qtT : LqB
JOB REFE_'I_E,

s _04I_ T_IH: SPACE SHUTTLE _O_EL

!i t _h_¢hine| ROTOR KIT_ Ch# 3 6VD
ii*"

).-

I 0.0 LBS

Z

i

I

L

i

Steady S_tte Uncomp

Rotttlon 48i3 r_a 5.8 ms,,aiv

0.2 LB$

• 8 all /_iv

l.e Itl *'_iv N Rota_icx'l 4e12 rPl 5.8 Wdiv

1.8 all J'div (_ Rotttlon 4814 rpm 5.8 mVciv

* •

• , . • .

O_ 1.8 mtl /dtv _ Rat_ticn 4el6 _'gm 5.,8 mvllv

0.8 LBS

1.0 L5S

1.2 LBS

FIGUB.L 12.272

i.I all /div C3( Rottti_n 4et= rpm 5.8 Wdiv

_.8 all /div C3_ Ro_ti_n 4e16 rgm " _.8 Wdiv

L.Q _il _div (_ Rot_kion _14 epm _.8 _Idiv

TIMEBASE FOR VERTICAL PROBE AT LOCATION 6 AT 4000
RPM, 7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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I

C_ : E_rn.Y ROTOR _IC
F_.4HY : L_B
JOB _: _qSA
_IHE TRAIH: SPACE SHUTTL_ MO_EI.

_chine: ROTOR KIT Che 4 6HD

St @_dv State Ur_omp

0.0 LBS

O. 2 LBS

0.4 LB$

4el_ r_m 5,8 ms/dlv

1.8 mll /div CI_ Rotztion 4814 _m 5.6 mvdiv

ru

L.8 rail /dtv _ Rotation 4816 r'i)m 5.0 Wdtv

o. 8 _,Bs _ _

• • • . ,

1.8 mil /div _ Rot_tim 4815 r_m Wcitv

l.I mil /div _ Hotztlon 4,e16 rlm 5.8 Wdiv
m

i -

1.8 mil/div _ flot,tton 4814 r_m 5.9 Wdlv

FIGURE 12.273 T1MEBASE FOR HORIZONTAL PROBE AT LOCATION 6 AT
4000 RPM, 7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER

DISK, FOR INCREASING STATIC PRELOADS.
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FIGURE i2.2_'4

NOT AVAILABLE -OIL IN THE CLEARANCE AREA

PROHIBITS TEE METAL-TO-METAL CONTACT NECESSARY

FOR THE CONTACT SENSOR TO OPERATE CORRECTLY.

TIMEBASE FOR SHAFT TO SEAL 1 CONTACT AT 4000 RPM, 7.5
PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.

NOT AVAILABLE - OIL IN THE CLEARANCE AREA

PROHIBITS T_ METAL-TO-METAL CONTACT NECESSARY

FOR THE CONTACT SENSOR TO OPERATE CORRECTLY.

'"

L

k

FIGURE 12.275 TIMEBASE FOR SHAFT TO SEAL I CONTACT AT 4000 RPM, i'.5
PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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: IHD4TLY ROTOR D_IC
Pt_HT : LAB

_CXIXE T_IN: SP_.E SI_JTTLE _)I)EL

_¢hine: ROTOR KIT (;he 7 RUB BLOCK

Ste,d_ State L_

mt

t

-i

O. 0 LB$

O. 2 LeS

C_ Rotat ion

e

4el3 r_l _.o m_=iv

: t

• •

4812 r'pm 5.8 Ir_/div

-II

0

0.4 LBS

0.6 LBS

• °

• •

2.6 til /dlv OH Rotation
f

4014 rpi 5._ as/div

2.8 ell /div _ P_tation

0.8 LBS " :

2.8 all /_tv _ Rotation

4016 Ppm 5.8 ms,'dtv
i

4015 rgm 5.8 ms,,div

1.0 LBS

1.8 'm'tl /div CW Rotation

CONTACT 1

NO CONTACT- : .:

_.=.,i'-=Iv _ R,=tai=,on

FIGU]:'.E 12.276

4016 rpl 5.8 m:k_div
• _ .. •

4ot4 _m =.O ,,,,rally 'TIM5

TIMEBASE FOR SHAFT TO RUB BLOCK CONTACT AT 4000

RPM, 7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOAOS.
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CI:WIPIIIY : ]tEHTLY ROTOR iiYI,I_IC
PI..qHT : I._ll
JOll REFEREHCI[: l_Sl_
Pii:lCHZl_ TI_ZN: SPliCE SHUTTLE MODEL.

Plachtne: ROTOR KZT Ch# I IVD
Steadt Stite I.tICOelP

3/_. ,_ , _-_ , _- 4,,4/
•.- 40. -J_

• _'- " --4016 "1"

4014 -- t

o '_...._'"' ,,_,,,,_,,,,_,,,,;,,,,_,,,,;..,,.. -i

ill

FRE_JIEHCY (kcpm) Hla'_ning I,ltr_'Jol

Hachine: ROTOR KIT Ct_l 2 IHli
St eaitll Siile

1.2 LBS 41114 "

0.2 LBS 4e13

L FIGURE 12.277 SPECTRAL CONTENT AT PROBE LOCATION 1 AT 4000 RPM,

7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE

L LOCATED IN THE THIRD PUMP IMPELLER DISK, FORINCREASING STATIC PRELOADS.
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FIGURE 12.278 SPECTRAL CONTENT AT PROBE LOCATION 2 AT 4000 RPM,
7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER D_SK, FOR
INCREASING STATIC PRELOADS.
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COIqP_d4Y • m[NTLY ROTOR DYI_dq[C
/=I.,_T : L_])
JOB REFERE_C[: HJ:_A
_:_.tIHE TI_IH: SPAC[ SHUTTLE MODEL
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Stetctw State U_OMP

Machine: ROTOR KIT Ct'_6 31-1D
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- ii
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i

1.2 LBS 4e14

FIGURE 12.279 SPECTRAL CONTENT AT PROBE LOCATION 3 AT 4000 RPM,
7.5 PSI SEAL OIL PKESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED .IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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Ct_PI_IY . _SNTLY ROTOR I_'_MIC

JOB P,_C_: N_

_ 1.o ;.,ss_ -_-_ ' _ -,. " " A ' 4e_6
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8o.,,,,j .:/4.,,,_";__,,_,,, ' ,,_,,,,o.oLBsq"'"]'"--;_'":t ..... _"' ,e,_,...
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Stetd_ Sttte UHCOMP
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FIGURE 12.280 SPECTRAL CONTENT AT PROBE LOCATION 4 AT 4000 RPM,
7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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1.2 LBS 4e14

1.0 LSS
4@16

O. 8 LBS 4@15

_ O. 6 LBS

4816
O. 4 LBS
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0.2 LBS 4812

O. 0 LBS 4e13 rlm

I'ttchlne: ROTOR KIT Chl 2 _.i
Stetdv Sttte
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FIGURE 12.281 SP_ _RAL CONTENT AT PROBE LOCATION 5 AT 4000 RPM,
7.5 _ I SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCAJ:ED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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FIGURE 12.282 SPECTRAL CONTENT AT PROBE LOCATION 6 AT 4000 RPM,
7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCIIEASING STATIC PItELOADS.
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COMPCe4Y : N_TtY ROTORDYHNqlC

JOB _EI:EREI,tCU[:
_'4IHE TRAIN: _c:P_ SHUTTLEMODEL

M_chtne: ROTf_qKIT (_41 _ SEN. #1 COHTACTOR
$_:ea_ Stzte

1.2 LBS

1.0 LBS

0.8 LBS

0.6 LBS

0.4 LBS

0.2 LBS

O. 0 LBS,

6 Har_tng _1 r_'_,_(kcpl)

SPECTRAL CONTENT FOR SHAFT TO SEAL I CONTACT AT
4000 RPM, 7.5 PSI SEAL OIL P'I_SSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER
DISK, FOR INCREASING STATIC PRELOADS.

FIGURE 12.283

O14)6 SEN. 02 COHT_CTOR
StetcN Sttte UNC0_

P_chtne: ROT_ KIT

>

3.
%

e.

|

FIGURE 12.284 SPECTRAL CONTENT FOR SHAFT TO SEAL 2 CONTACT AT

4000 RPM, 7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER
DISK, FOR INCREASING STATIC PRELOADS.
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COII_:_iY : BEHTLY ROTOR _NIIC
P_NT : L.qS
JOB REFERENCE: NRSA
_INE TRAIN: SP_CE StNT_F. MODEL

Machine: ROTOR KIT r.h# 7 RUB ]LOCK

S_: e4J,, S_zte UI_PIP
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FIGURE 12.285
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FIGURE 12.286

SPECTRAL CONTENT FOR SHAFT TO RUB BLOCK CONTACT

AT 4000 RPM, 7.5 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER
DISK, FOB. INCREASING STATIC PRELOADS.

R^UI^L
}'RELOAD

P% P2 P3 [

\ m

ROTOR MODE SHAPE AT 4000 RPM, i0.0 PSI SEAL OIL
PRESSURE DUE TO 0.8 IN-GRAM UNBALANCE LOCATED IN
THE THIRD PUMP IMPELLER DISK.
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FIGURE 12.287 ORBITS AT PROBE LOCATION I AT 4000 RPM, i0.0 PSI SEAL
OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLER DISK, FOR INCREASING STATIC
PRELOAD FORCES•
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FIGURE 12.288 ORBITS AT PROBE LOCATION 2 AT 4000 RPM, I0.0 PSI SEAL
OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE )

THIRD PUMP IMPELLER DISK, FOR INCREASING STATIC .ePRELOAD FORCES•
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ORBITS AT PROBE LOCATION 3 AT 4000 RPM, 10.0 PSI SEAL
OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLER DISK, FOR INCREASING STATIC
PRELOAD FORCES.
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FIGUR._ 12.290 ORBITS AT PROBE LOCATION 4 AT 4000 RPM, I0.0 PSl SEAL
OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLER DISK, FOR INCREASING STATIC
PRELOAD FORCES.
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FIGURE 12.291 ORBITS AT PP.OBE LOCATION 5 AT 4000 RPM, 10.0 PSI SEAL
OIL PRESSURE, 0.8 IN--GRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLER DISK, FOR. INCREASING STATIC
PRELOAD FORCES.
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FIGURE 12.292 OP3ITS AT PROBE LOCATION 6 AT 4000 I_M, 10.0 PSI SEAL
OIL PRESSURE, 0.8 IN-GRAM UNBALANCE LOCATED IN THE
THIRD PUMP IMPELLER DISK, FOR INCREASING STATIC
PRELOAD FORCES•
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MACHINETRqlH: SPAC[ SHUTTLE _DEL
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FIGURE 12.293
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TIMEBASE FOIL VERTICAL PROBE AT LOCATION I AT 4000
ILPM, I0.0 PSI SEAL OIL PI_SSUILE, 0.8 IN--GILAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOP.
INCREASING STATIC PRELOADS.
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FIGURE 12.294 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 1 AT

4000 ItPM, 10.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER
DISK, FOR INCREASING STATIC PRELOADS.
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FIGURE 12.295 TIMEBASE FOR VERTICAL PROBE AT LOCATIOI; 2 AT 4000

RPM, I0.0PSI SEAL OIL PRESSURE, 0.8IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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k FIGURE 12.296 T1MEBASE FOR HORIZONTAL PROBE AT LOC,A,TION 2 AT
4000 RPM, I0.0 PSI SEAL OIL PRESSURE, 0.8 IN-GI_M
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER

DISK, FOR INCREASING STATIC PRELOADS.
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FIGURE 12.297 TIMEBASE FOP* VEP*TICAL PP*OBE AT LOCATION 3 AT 4000
i RPM, 10.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE -" )
__ LOCATED IN THE THIRD PUMP IMPELLER DISK, FOP, i
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FIGURE 12.298 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 3 AT
4000 RPM, 10.0 PSI SEAL OIL PRESSURE, 0.8 IN--GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER

L DISK, FOR INCREASING STATIC PRELOADS. "1
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UNBALANCE LOCATED IN THE THIRD PUMP IMPELLERDISK, FOR INCREASING STATIC PRELOADS.
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Steady State Unco_

O. 0 LBS

O. 2 LBS

1.8 at1 /div CW Rotttton 481_ rga 5.8 ms/div

1
1.8 sil /div

r

_ _ot_tian 48e8 rpm '5.e Wdiv

O. 4 LBS

1.8 mil /_Iv C_ Rotati_ 4e11 rps 5.8 msJdiv

_fj

4

°Q

_ 0 . 6 L2S ..

_0 1.8 sil /div CJ4 Rotation 4e18 rgm 5.8 Wdiv

O. 8 LBS

1.8 mil /div CM Rotation 4e13 rgm 5.8 Wdiv

1.0 LI38

1.2 LBS

1.8 Ill /dtv _ Rotation 4814 rpm

1.8 mil *'div CM _tation 4@11 rgm

: LJ

FIGUI_E 12.303

5.8 Wdtv

5.8 Wdiv

TIMEBASE FOR VERTICAL PROBE AT LOCATION 6 AT 4000
I:tPM, 10.0 PSI SEAL O_ PI_SSURE, 0.8 IN--GP_M UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCI_ASING STATIC PRELOADS.
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CO_ : BEHTLY ROTOR DY_WIIC
Pt_ : LAB
JOB REFImE_: HR._q
• _CH_HE TRRIH: SP_ SHUTTLE MODEL

Mtchirm: ROTOR KIT Chl) 4 6HD

°

0.0 LBS

i.

0.2 LBS

0.4 LBS

Stetd9 st;re Ur.:o_

i i i

0.8 LBS

1.6 rail /div _ Rotztion 4ell rgm 5.e ms/div

1.8 mil /dlv C_ Rotation 4e18 rgl 5.8 ms/div

o

1.8 ill /dlv ' _l Rotation

i. 0 LB$

1.8 _il /div CW Rotation 4814 rgm 5.8 Wdiv

j 1.8 mil /div G4 Rot:L_lon 4_11 r_m _.e ms/dlv- FIGURE 12.304 TIMEBASE FOR HORIZONTAL PROBE AT LOCATION 6 AT
4000 RPM, 10.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM

UNBALANCE LOCATED IN THE THIRD PUMP IMPELLERDISK, FOR INCREASING STATIC PRELOADS.
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FIGURE 12.305

FIGURE 12.306

NOT _V_ZI,_BLE - OIL IN THE CLEaraNCE _

PROHIBITS THE MET_L-TO-_ET_L CONTACT NECESSARY

FOR THE CONTACT SENSOR TO OPERATE CORRECTLY.

TIMEBASE FOR SHAFT TO SEAL 1 CONTACT AT 4000 P_PM,
10.0 PSI SEAL OIL PRESSURE, b.8 IN--GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IM ....=..... _ uISK, FORpl_r r _T_

INCREASING STATIC PRELOADS.

NOT AV_ZLABLE - OIL IN THE CLEaraNCE ]L_EA

PROHIBITS THE _IET_L-TO-METAL CONTACT NECESS_RY

FOR THE CONTACT SENSOR TO OPERATE CORRECTLY.

TIMEBASE FOR SHAFT TO SEAL 2 CONTACT AT 4000 RPM,
10.0 PSI SEAL OIL PRESSURE, 0.8 IN--GBAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOB.
INCREASING STATIC PRELOADS.
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: I_tTLY ROTOR_ll1IC
Pt._ff : I.._B

H_:itltt Ti_IH: _ Si_JTTLE MODEL

Nachinei ROTORKIT Cht 7 RUD BLOCK

Steldt Stlte U_:oip

O. 0 LBS
• .o

Z,e lil /div C$tRotition 4tl3 rpm 5.1) mVdtv

o

O. 2 LBS
.e,----,.,-

O. 4 LBS
• ° °

m, • •

2,8 lil #div Cll Rotition ,tell r'ps 5.8 wdtv

0.8 LBS

1,0 LBS

2.1 lil /div f;ll lotition

2,0 mtl /dlv Oil RoIiIt_

2.0 mill #dtv C_ Rotltlan

4018 r_l 5,0 wdiv

4111_ r_a 5,8 wdiv

. I
4@14 r'lm _.l Wdlv

NO

CONTACT

1.2LB8

CONTACT

[

FIGURE 12.307
_l TIME

TIMEBASE FOR SHAFT TO RUB BLOCK-CONTACT AT 4000

RPM, 10.0PSI SEAL OIL PRESSURE, 0.8IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PREI, OADS.



_HY : _,EHTLY ROTOR 9Y;_elX¢

JO3 m_:I_E_.E: XASA
M_IHE Tl_qIH: SPI:K_St4UTTLE MOI3E].

Machine: ROTOR KIT Chl) 1 IVD
St etd,d S_tte

_t J

1.2 LBS 4811

.>-.

° ?i

cpn) Hau-_ir_; Window

_¢hine: ROTOR KIT Ch4l2 IH_
Sttt_ Sttte UHCOMP

r,t

e)

|

_t

_tb

I. 2 LBS 44)11 ..

.>

=_ 1.o =s _ ...... .s( [ "

O. 0 zas Fer',-_-,'r'r'n'r_, , e _s3 r,,, . _ 1

FIGURE 12.308 SPECTRAL CONTENT AT PROBE LOCATION 1 AT 4000 RPM, 1
I0.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE 41

LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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FIGURE 12.309 SPECTRAL CONTENT AT PROBE LOCATION 2 AT 4000 RPM,
10.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PI%ELOADS.
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Pt.q_ :L_
J03 N_: balSA
_CHIHE T_IH: S_ SHUTTLE .MODEL

Michine: ROTORK|T Che 5 3VD
Stet_ S_te U_

1.2_ /___.-_,.__.____
/- A_I_ , °

1.o LBs _

o.__s_ .... A

• _ m

/
0,2 LBS J " " " J_ - '

/
o.o_._,,,,,,,, '_' It _ ,,,_.. " i .,., ' _' "__';i<7.'> "_"'_....'_Hl_irei Wtr_

/_ " 4@14

4e13

r',_l

. >

FIGURE 12.310
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SPECTRAL CONTENT AT PROBE LOCATION 3 AT 4000 RPM,
10.0 PSI SEAL OIL PRESSURE, 0.8 IN--GRAM UNBALANCE J
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR

INCREASING STATIC PRELOADS.
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CO_RHY : ]EHTLY ROTOR _'HRrlIC
PLRHT : L_B
JOB I_FI_EH(_:
I'_:¢_IIHE TP,RIH: SPRC[ SHUTTI_ MODEl.

Mtchlr_: ROTORKIT Che 7 4VD
Stesll Stite

1'Sichirm: Ill)TOll KIT _ 8
IteldiStite

)

_" 1.2 LBS_ 4811 1i i _°"; :"' ..... "" _i
; O.8L,S_ ,,,

_ O._LaS 4ele ti

0.0 LD$ ,), i i 41113 r_m

FIGURE 12.311 SPECTRAL CONTENT AT PROBE LOCATION 4 AT 4000 RPM,
10.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCP_ASING STATIC PRELOADS.
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I_¢htne| ROTOR KIT ¢_e 2 _KD
Steady State UNCOflP

o.2 --as L ' __"' _1 \ '__ .....o./ _ " ' ' : I_-_
i_ t _ _ F_ _(k<,lll),... i n, , ,-i , -i-1, , I rrT , ,,,_, ,,-#-J_l-lrT_, ,, ._.., _0_O,'Hll_rlirl_ I I_trl(:tOi I_lt.,

FIGURE 12.312 SPECTRAL CONTENT AT PROBE LOCATION 5 AT 4000 P,.PM,
10.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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lCtchtne: ROTOR KIT CI_ 4 &_

-8

- II

i

i

o.o,,l " " "/L" " ";. " l
;__,__,,,. ....._,,,, ..... .... , _,...

FIGURE 12.313 SPECTRAL CONTENT AT PltOBE LOCATION 8 AT 4000 ItPM,
10.0 PSI SEAL OIL PItESSURE, 0.8 IN--GRAM UNBALANCE
LOCATED IN THE THIRD PUMP IMPELLER DISK, FOR
INCREASING STATIC PRELOADS.
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Coew_e_ : KNTLY ROTOR _YNAM'IC

OOB REFERENCE:
M_INE TI_IN: _ SHUTTt_ MODI_.

Machine: ROTOR KIT _'_e _ _ #I COHT_TOR
$.toac_ State L_XmP

FIGURE 12.314 SPECTRAL CONTENT FOR SHAFT TO SEAL i CONTACT AT

4000 I:_M, I0.0 PSI SEAL OIL PR.ESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER
DISK, FOR INCREASING STATIC PRELOADS.

l_chine: ROTORKIT the 6 _ #2 COHT_TOR
St ead_ $ttte

!

I

0.4 La$

O. 2 LB8

0.0 LBS

1 (kcA)

FIGURE 12.315 SPECTRAL CONTENT FOR SHAFT TO SEAL 2 CONTACT AT

4000 RPM, 10.0 PSI SEAL OIL PRESSURE, 0.8 IN--GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER
DISK, FOR INCI%EASING STATIC PRELOADS.



Ik

[

[

I

IL

l

I

I
!

I

O. 0 LBS

-8
! II

-- II

t

FIGURE 12.316 SPECTRAL CONTENT FOR SHAFT TO RUB BLOCK CONTACT

AT 4000 RPM, 10.0 PSI SEAL OIL PRESSURE, 0.8 IN-GRAM
UNBALANCE LOCATED IN THE THIRD PUMP IMPELLER

DISK, FOR INCREASING STATIC PRELOADS.
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